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ABSTRACT 
 
A family of new [PtM(SAc)4(pySMe)] (M = Mn (42), Fe (43), Co (44), Ni (45), 
Zn (46)) lanterns and an expansion of the [PtM(SAc)4(pyNH2)] family to include M 
= Mn (47) and Fe (48) lanterns have been synthesized and their detailed structural 
and magnetic characterization are reported. Compounds 43-45 have been found 
to contain exceptionally long Pt…Pt metallophilic contacts with antiferromagnetic 
coupling across the staggered dimers in the solid state.  
The utility of the [PtVO(SOCR)4] lanterns as monodentate, terminal oxo-
bound ligands is proven in the formation of trimetallic lanthanide complexes 
[Ln(ODtbp)3{PtVO(SOCR)4}] (Ln = Ce, R = Me (49); Ln = Ce, R = Ph (50); Ln = 
Nd, R = Me (51); Ln = Nd, R = Ph (52)). Structural and magnetic studies are 
reported of the four, four-coordinate lanthanide complexes. All four complexes 
were found to exhibit antiferromagnetic coupling between the 3d-4f ions, the 




SMM behaviour was also observed in all four complexes, with the slowest 
relaxation found in 52. 
 A pair of [PtNi(SAc)4(L)] (L = pyCN (54), HpipCN (55)) and new {S,N} 
chelated mercaptopyridine lanterns [PtNi(mpyS)4(L)] (L = H2O (56), MeCN (57), 
pyCN (58)) have been synthesized and a detailed structural comparison of the 
systems made. The stronger field mercaptopyridine ligand is shown to decrease 
the Pt (donor) – M (acceptor) character within the lantern, reducing the Pt(II) Lewis 
acidity and therefore preventing the formation of intermolecular interactions in Ni(II) 
complexes 56-58. Additionally, the development of an improved air- and water-
stable synthesis for the formation of the di-Pt mercaptopyridine para-hydro lantern, 
[Pt2(pyS)4], is reported along with its previously unknown crystal structure.  
In an attempt to make a diamagnetic [PtZn(mpyS)4(L)] analog to the 
previous Ni(II) mercaptopyridine lanterns, a new series of {PtnZn2} HEMACs has 
been discovered and structurally characterized with n = 1, 2, 3,. The discovery of 
a trimetallic {Pt(IV)Zn2} (60) para-methyl mercaptopyridine bridged complex with 
novel {Pt(IV)S6} ligation is discussed. The use of para-H substituted 
mercaptopyridine led to insoluble tetranuclear {Pt2Zn2} (61) while use of the para-
methyl substituted ligand led to the insoluble pentanuclear {Pt3Zn2} (62) through 
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pySMe ………………………………………..……………. 4-(methylsulfanyl)pyridine 




quin ...................................................................................................... quinuclidine  
S ....................................................................................................................... spin  
SambVca ……………………… Salerno at the MoLNaC Buried Volume Calculation 
SCM ....................................................................................... Single chain magnet 
SMM ................................................................................. Single molecule magnet  
SO4 ……………………………………………………………………………….. sulfate 
SQUID ........................................... Superconducting quantum interference device  
T .............................................................................................. tesla or temperature  
TB ......................................................................................... Blocking temperature  
THF …............................................................................................. tetrahydrofuran  
TIP ……………………………………….. temperature-independent paramagnetism 
TMS …………………………………………………………………... tetramethylsilane 
TPPO ………………………………………………………... triphenylphosphine oxide 
Ueff …......................................................................................... Anisotropy barrier  
UV ........................................................................................................... Ultraviolet 
ν ……………………………………………………………………………….. frequency 
Vis …………………………………………………………………………………. visible 






CHAPTER 1: Heterobimetallic Lantern Complexes and their Novel 
Structural and Magnetic Properties 
1.1. Introduction 
 
The design and synthesis of complexes that are able to assemble in 1D 
arrays with useful electronic and magnetic properties have created a diverse, 
multidisciplinary field of study.1 Combinations of solid state physics, synthetic 
inorganic chemistry, as well as organometallic and polymer chemistry have led to 
a vast array of 1D materials that have been applied to areas of research such as 
vapochromic sensors2, luminescent materials,3-4 and magnetic resonance (MR) 
imaging5.  Nanowires6 and molecular magnets7 are intensely investigated 
materials for their application in nanoscale devices and microelectronics. 
 One-dimensional systems require an anisotropic building block with 
carefully chosen ligands to promote desired electronic and magnetic properties. 
Examples of 1D geometries shown in Scheme 1.1 include arrays bridged through 
metallophilic interactions, coordination polymers,6 and the more recently- studied 
bridged oligomeric compounds known as EMACs (extended metal atom chains).8-
9 One of the earliest classes of 1D compounds to be prepared are Krogmann type 
salts, such as K2[Pt(CN)4], which stack in a linear array of anions via Pt…Pt bonding 
(Scheme 1.1.b.).10 Similarly, Chugaev’s Red Salt, [(CH3NC)2Pt(C4H9N4)]Br . 4H2O, 
forms both dimers through cation pairs and zig-zag chains in the solid state, 





salts show cation self-association through metallophilic Pt…Pt interactions in 
solution as well. The close Pt…Pt contacts in this case heavily depend on the 
chosen anion and the hydrogen bonding ability of the outer N-H groups.12 
Alongside structural studies, interest in promoting electronic conductivity in 1D 
arrays is continuous, an example of which can be seen in [Cr(isoq)2(NCS)4]-1 which 
through close S…S contacts between the anion and donor (BDH-TPP) form 
paramagnetic and semiconducting chains (Scheme 1.1.d.).13  The magnetic 
properties of 1D systems are also of interest, for example ferromagnetically 
coupled 1D chains [(CH3)3NH][CuCl3] . 2H2O (CHAC) with J/kB > = 70 K have been 
synthesized for the study of their spin dynamics (Scheme 1.1.e.).14 More recently, 
oxalate-based bimetallic ferromagnetic chains [Mn(H2O)2Cr(ox)3]nn- with [K(18-
crown-6)]+, J = 2.23(2) cm-1, have been synthesized, in which 2D anionic networks 
are formed via hydrogen bonding of a H2O bound to Mn in {Mn(ox)Cr} chains 









Scheme 1.1. Representative 1D systems from the literature a) EMAC9 b) 
Krogmann salt10 c) Chugaev’s red salt12 d) Semiconducting chain13 e) CHAC 






Building blocks with a heterobimetallic {MM’} core are inherently asymmetric 
which, as described above, can be exploited for useful electronic and magnetic 
properties. Recently, Chipman and Berry have illustrated the usefulness of these 
heterometallic cores in the production of paramagnetic building blocks and EMACs 
with varying ligand systems.16 Specifically, the lantern or paddlewheel motif has 
proven useful for the assembly of discrete molecular units and quasi 1D arrays 
with these properties. Examples of homobimetallic complexes of Cu,17-18 Bi,19-20 
and Rh21 are legion and have been shown to form 1D arrays22-23 and perform 
catalysis.24-25 While homobimetallic lantern complexes have been well studied, 
there are far fewer examples of their asymmetric heterobimetallic analogs. 
Complexes of {BiRh} with {O,O} coordination are fairly abundant and have been 
shown to perform catalysis in cyclopropanation and C-H insertion with diazo 
substrates26 in addition to forming 1D arrays.27  
In this chapter, the assembly of quasi 1D chains by the Doerrer group is 
discussed with both hetero- and homobimetallic cores via a lantern or paddlewheel 
motif. By using monothiocarboxylate {S,O}  ligands and hard-soft Lewis acid-base 
principles, dozens of new lantern complexes of the form [PtM(SOCR)4(L)] (M = 
Mg, Ca, Cr, Mn, Fe, Co, Ni, Zn; R = Ph (tba = thiobenzoate), CH3 (SAc = 
thioacetate); L = neutral or anionic ligand) have been prepared.28  Similar to 
Chugaev’s Red Salt and the Krogman salts, the lantern complexes described can 





interesting electronic and magnetic properties. Depending on M and L, new 
intermolecular arrangements have resulted, and the magnetic properties have 
proven particularly interesting.  
 
1.2. Heterobimetallic Lantern Synthesis 
 
The controlled synthesis of heterobimetallic lanterns was achieved with a 
thiocarboxylate backbone ligand with O and S donors, to selectively coordinate 
hard and soft metals respectively, that precipitate from water and crystallize from 
polar organic solvents.  The lantern motif contains three variables that lead to a 
variety of complexes, shown in the generic compound in Scheme 1.2. The 3d 
metal, the axial ligand, L, and the carboxylate substituent, R, can all be 
independently varied in an effort to tune the electronic structure and magnetism of 
the system.   
 
Scheme 1.2. Lantern motif structural variables 
 





Dozens of new lantern complexes of the form [PtM(SOCR)4(L)] (M = Mg, 
Ca, Cr, Mn, Fe, Co, Ni, Zn; R = Ph, CH3; L = neutral or anionic ligand) (1-36) have 
been prepared, summarized in Scheme 1.3.  To date, Cu-containing {PtCu} 
species are missing from this array of complexes.  In synthetic attempts, selective 
Pt coordination followed by addition of a Cu(II) salt consistently indicates formation 
of Cu(0) and apparent S oxidation.29  In isolated complexes with other 3d metals, 
the soft Pt center is bound in a {PtS4} environment and the hard, 3d alkaline earth 
metal in a {MO4X} or {MO4L} environment. The non-Pt metal determines the dia- 
or paramagnetic character of each complex and exhibits some size-dependent 
effects. The axial ligands vary in their ability to be terminal or bridging, allowing for 
the formation of quasi-1D arrays for the latter. The thioacetate and thiobenzoate 
ligands both contain the mixed {S,O} donor system required for selective 
coordination but show little effect of substitution on the formation of intermolecular 














Homobimetallic complexes of the form [Ni2(tba)4(L)] (37-41) can also be 
synthesized in a similar manner to the heterobimetallic species. There are 
numerous examples of Ni based homobimetallic {O,O} carboxylate lantern 
systems in the literature, but only a handful of {S,O} complexes.31-34 Specifically, 
[Ni2(SOCR)4(EtOH)]34  with homoleptic {NiO4}{NiS4} coordination is used as a 
precursor for the synthesis of lanterns with quinuclidine (quin) and pyridine (py) 
terminal ligands as well as for the formation of quasi 1D arrays with DABCO and 
pyrazine bridging ligands within our group.35 As a non-bridging control for the 
pyrazine-ligated monomeric lantern unit, pyridine was used as a terminal ligand. 
This effort did not afford the dinuclear [Ni2(SOCR)4(py)] but instead the known 
[Ni(SOCR)2(py)2].36-37 
From the variables above, over 40 lantern species have been 
crystallographically characterized and their electronic and magnetic properties 
explored, as seen in the range of compounds prepared to date in Schemes 1.3 






















Table 1.1.  Compound Formulae and Numbers 
 
Compound Number Reference Compound Number Reference 
[PtMg(SAc)4(OH2)] 1 38 [(py)Ni(tba)2(py)] 21 35 
[PtMg(tba)4(OH2)] 2 38 [(py)PtZn(SAc)4(py)] 22 39 
[PtCa(tba)4(OH2)] 3 38 [PtZn(SAc)4(py)] 23 39 
[PtFe(tba)4(OH2)] 4 29 [PtCo(SAc)4(pyNH2)] 24 39 
[PtCo(SAc)4(OH2)] 5 30 [PtNi(SAc)4(pyNH2)] 25 39 
[PtCo(tba)4(OH2)] 6 29 [PtZn(SAc)4(pyNH2)] 26 39 
[PtNi(SAc)4(OH2)] 7 30 [PtCo(SAc)4(DMSO)]DMSO 27 39 
[PtNi(tba)4(OH2)] 8 29 [PtNi(SAc)4(DMF)]DMF 28 39 
[PtZn(SAc)4(OH2)] 9 30 [PtCr(tba)4(NCS)]∞ 29 40 
[PtZn(tba)4(OH2)] 10 38 {Na(12C4)}2[PtMn(SAc)4)(NCS)] 30 40 
[PtCo(SAc)4] 11 30 {Na(15C5)}[PtCo(SAc)4)(NCS)] 31 40 
[PtNi(SAc)4] 12 30 {Na(12C4)}2[PtCo(SAc)4)(NCS)] 32 40 
[PtZn(SAc)4] 13 30 {Na(15C5)}[PtNi(SAc)4)(NCS)] 33 40 
[PtCo(SAc)4(pyNO2)] 14 30 {Na(12C4)}2[PtNi(SAc)4)(NCS)] 34 40 
[PtNi(SAc)4(pyNO2)] 15 30 {Na(15C5)}[PtZn(SAc)4)(NCS)] 35 40 
[PtZn(SAc)4(pyNO2)] 16 30 {Na(12C4)}2[PtZn(SAc)4)(NCS)] 36 40 
[(py)PtCo(SAc)4(py)] 17 39 [Ni2(tba)4(quin)] 37 35 
[PtCo(SAc)4(py)] 18 39 [Ni2(SAc)4(DABCO)]∞ 38 35 
[(py)PtNi(SAc)4(py)] 19 39 [Ni2(tba)4(DABCO)]∞ 39 35 
[PtNi(SAc)4(py)] 20 39 [Ni2(SAc)4(pyz)]∞ 40 35 





1.3. Intra- and Intermolecular Structures of Lantern Complexes 
 
The basic intramolecular coordination geometry shown in Scheme 1.2 was 
confirmed by single-crystal X-ray diffraction studies for all the compounds in 
Schemes 1.3 and 1.4.  In each case, the Pt-S (or Ni-S) and M-O bond lengths are 
unexceptional and the five-membered chelate ring is twisted due to the size 
difference between these two distances, preventing the {M2SOC} atoms from 
being coplanar.  The slight variation among M(II) ion sizes from 0.97 Å in Mn(II) to 
0.83 Å in Ni(II) causes some subtle variations in intra-lantern metrical parameters.  
A comparison of the Pt-M distances in Co, Ni, and Zn compounds and their formal 
shortness ratios (FSRs) are given in Table 1.2.  These data are within the range 
of covalent bonding (1.01-1.22) as described by Chipman and Berry,16 but no 
proper single M-M bonds exist in any of these lanterns. However, the data do 
indicate the distances are influenced by the 3d metal radii and the terminal ligand.  
The FSRs in the Co complexes are the largest, and those with Ni and Zn are 
similar, though the Ni series has a narrower range.  In each group, the largest 
FSRs are in the salt complexes with NCS ligands, and those with Na bound to 
{12C4} (30, 32, 34, 36) are larger than with {15C5} (31, 33, 35). The species with 
pyNH2 ligands (24-26) have the next largest ratios, but the remaining three ligands 
in these series (H2O (1-10), py (18, 20, 23), and pyNO2 (14-16)) do not have any 
clear pattern.  These complexes also form dimers in the solid state, but which dimer 






















PtCo(tba)4(OH2) 2.5993 0.0024 2.6017 2.5969 1.062 
PtCo(SAc)4(py) 2.6298 0.004 2.6338 2.6258 1.075 
PtCo(SAc)4(OH2) 2.6343 0.0015 2.6358 2.6328 1.077 
PtCo(SAc)4(pyNO2) 2.6347 0.0028 2.6375 2.6319 1.077 
PtCo(SAc)4(pyNH2) 2.6405 0.002 2.6425 2.6385 1.079 
[Na(15C5)][PtCo(SAc)4(NCS)] 2.6638 0.0064 2.6702 2.6574 1.089 
[Na(12C4)2][PtCo(SAc)4(NCS)] 2.669 0.00081 2.66981 2.66819 1.091 
      
PtNi(tba)4(OH2) 2.5649 0.0009 2.5658 2.564 1.052 
PtNi(SAc)4(pyNO2) 2.5682 0.0018 2.57 2.5664 1.053 
PtNi(SAc)4(py) 2.5831 0.0006 2.5837 2.5825 1.059 
PtNi(SAc)4(OH2) 2.585 0.01 2.595 2.575 1.060 
PtNi(SAc)4(pyNH2) 2.5951 0.0003 2.5954 2.5948 1.064 
[Na(15C5)][PtNi(SAc)4(NCS)] 2.6015 0.003 2.6045 2.5985 1.067 
[Na(12C4)2][PtNi(SAc)4(NCS)] 2.613 0.009 2.622 2.604 1.071 
      
PtZn(SAc)4(py) 2.618 0.0004 2.6184 2.6176 1.031 
PtZn(SAc)4(pyNO2) 2.6283 0.0009 2.6292 2.6274 1.035 
PtZn(tba)4(OH2) 2.6342 0.0003 2.6345 2.6339 1.037 
PtZn(SAc)4(OH2) 2.6477 0.0042 2.6519 2.6435 1.043 
PtZn(SAc)4(pyNH2) 2.6617 0.0042 2.6659 2.6575 1.048 
[Na(15C5)][PtZn(SAc)4(NCS)] 2.6917 0.0049 2.6966 2.6868 1.060 
[Na(12C4)2][PtZn(SAc)4(NCS)] 2.703 0.006 2.709 2.697 1.065 
 
Lanterns of the form [PtM(SOCR)4(L)] in which L is bound to the 3d metal, 
have a square planar environment at Pt(II) with no axially coordinated ligand on 
the Pt. Two exceptions have been observed to date.  There is strong indirect 
evidence that in the [PtM(SOCR)4] lanterns associate intermolecularly by the 
carboxylate donors of one lantern also binding to the metal centers of adjacent 
lantern units.41  These insoluble species can only be broken up with strongly 
donating solvents binding to M (e.g. DMSO (27), DMF (28)),39 or with pyridine, 





= Co (17), Ni (19), Zn (22). These are highly rare examples of an octahedrally 
coordinated Pt(II) species in which the additional py coordination causes a 
shortening of the Pt…M contact by ~0.04 Å. TGA studies demonstrated that the Pt-
bound pyridine ligand is easily removed with heat, leaving the more common 
[PtM(SOCR)4(py)] structure.39  
In the typical lantern, the 3d M is square pyramidal, however 3 forms a tail-
to-tail carboxylate dimer in which the Ca atom not only binds the axial water ligand 
but also forms a contact with a carboxylate oxygen of an adjacent lantern. This six 
coordinate Ca has a trigonal prismatic geometry instead of the usual square 
pyramidal configuration. The cause of this displacement may be a result of the size 
difference of Ca(II), with its ionic radius of 1.14 Å being roughly 68% larger than 
the previously used divalent 3d metals.  Mg(II) has an ionic radius of 0.97 Å, 
comparable to Mn(II), and consequently, this distortion is not observed in the Mg 
lanterns. The geometric adjustment required for the oxygen atoms to support a six-
coordinate Ca environment may also be a contributor to the observed distortion.42 
Intermolecular solid state dimers were first discovered in the Co (6) and Ni 
(8) [PtM(tba)4(OH2)] complexes29 that have close intermolecular Pt…Pt 
metallophilic interactions.  Many, but not all, of the neutral [PtM(SOCR)4(L)] 
complexes exhibit dimeric interactions in the solid-state forming a dimer of dimers 
(i.e. [PtM(SOCR)4(L)]2).  These structures have been organized into four 





eclipsed, and square. Dimers are placed into these categories based on 
intermolecular (i) Pt…Pt distances, (ii) Pt…S distances, and (iii) the M-Pt-Pt angle. 
The staggered configuration was first observed in these complexes, with short 
Pt…Pt intermolecular contacts forcing a staggering of the thiocarboxylate backbone 
when viewed along the M-Pt-Pt-M vector.40  The totally and partially eclipsed cases 
differ in the number and orientation of Pt…Pt vs Pt…S contacts and magnitude of 
M-Pt-Pt angle. The totally eclipsed complexes have shorter Pt…Pt contacts 
allowing backbone eclipse with an M-Pt-Pt angle close to 180o whereas the 
partially eclipsed complexes have shorter Pt…S contacts and angles around 160o.  
Similar to the partially eclipsed complexes, square dimers have close Pt…S 
contacts between lanterns but with a 140o M-Pt-Pt angle, preventing the previously 
observed partial eclipsing of the thiocarboxylate backbone ligands.  
Scheme 1.5 shows that not all complexes with the same axial ligand 
dimerize in the same fashion. There are only two families of compounds that all 
have the same motif: pyridine and pyNH2 ligands which form square dimers. In the 
[PtM(SOCR)4(OH2)] lantern species, all but the thiobenzoate lanterns of Ca, Mg, 
and Fe, 2-4 respectively, are staggered. The Co (14) and Zn (16) pyNO2 analogs 
are partially eclipsed and Ni (15) is staggered. The thiocyanate-ligated lanterns fall 
into two categories: totally eclipsed and partially eclipsed. The {15C5} 
encapsulated Na cations of 31, 33, and 35 bind to the thiocyanate that bridges Na 





the partially eclipsed category. This interaction is absent with encapsulated 
{Na(12C4)2} cations and totally eclipsed geometries with shorter Pt…Pt interactions 
are observed in 32, 34, and 36.  The geometries adopted by the dimers are clearly 
influenced by the M-bound axial ligand, which influences the electron density at Pt 
and therefore affects the dispersion forces as seen in the comparison of electron 
donating pyNH2 vs withdrawing pyNO2.   
In the solid state, homobimetallic [Ni2(tba)4(quin)] (37) forms a dimer 
through intermolecular Ni2S2 linkages with a Ni-Ni-Ni angle of ~134.6o, and 
intermolecular Ni…Ni < Ni…S distances that form a square geometry similar to the 
heterobimetallic species, as seen in Scheme 1.4. 
Intermolecular interactions will also influence the relative energies of 
different configurations.  Further work is underway to increase the tba family of 
compounds relative to the SAc derivatives (see Table 1.1) and see what difference 
a Ph versus Me substituent in the SOCR makes on the intermolecular packing. 
Computational work is underway to assess the relative energetic contributions of 















1.4. Lantern Monomer and Dimer Electronic Structure 
 
The electronic structures of the lantern complexes have been revealed 
through a combination of spectroscopic and computational studies. The effect of 
the axial ligand L, carboxylate substituent R, and 3d metal M have been evaluated. 
The utilized paramagnetic M centers are all high spin, consistent with the 
relatively weak field of the carboxylate O donors. The {PtS4} is always low spin, 
diamagnetic that combines with the high spin, paramagnetic 3d metal center {MO4} 
to form an overall high spin system.29 Calculations show delocalization of unpaired 
electron density from the 3dz2 orbital to Pt, allowing for magnetic communication 
across the monomeric lantern unit which is discussed in detail in Section 1.5.29 
Solution phase UV-vis spectroscopy showed LMCT from the backbone 
ligand in every case. Comparing these absorptions to both {K2[Pt(SAc)4]} and the 
3d metal acetates indicate that the LMCT is primarily from S to Pt.42  All 
paramagnetic complexes except Mn(II)-containing 30 also have 3d-3d transitions 
as expected, as well as an intermetallic charge transfer band in the NIR region 
indicative of Pt-M bonding when M is not Zn.39  No features corresponding to the 
solid-state dimerization are observed in the solid-state UV-vis-NIR spectra.  A 













An initial MO description was formed for the general complex 
[PtCo(SAc)4(L)] via DFT calculations30 showing that greater intramolecular 
interaction between M- and Pt-orbitals leads to greater electron density in the Pt 
based antibonding orbitals. The intermolecular overlap of these Pt based orbitals 
then promotes greater  Pt…Pt coupling, resulting in the formation of the solid state 
dimers in which the {PtS4} face of two individual lanterns interact.30  Later 
structures bore out this hypothesis in the formation of the four motifs from Scheme 
1.5.   
The pyridine based axial ligands can donate by different degrees directly to 
the M 3dz2 orbital, and indirectly to the Pt 5dz2, as seen in Scheme 1.6. An increase 
in donation with pyNH2 (24 - 26) stabilizes the Pt-M σ orbital, leading to the 
observed decrease in Pt-M distance with decreasing Pt-Laxial distance. An increase 
 






in Pt-M distance is consistent with less donation and short intermolecular Pt…S 
contacts seen in [PtCo(SAc)4(NO2py)] (14) and [PtZn(SAc)4(NO2py)] (16).  As the 
calculated pKa of the pyridine-based conjugate acid increases, there is a 
corresponding M-N bond length decrease, due to the increased electron density 
donated from the substituted pyridine axial ligand, as visualized in Figure 1.2. The 
pyNO2 derivatives deviate from the others with much shorter M-N distances than 
expected, possibly due to diminished σ-donating ability of Npy favoring the 
formation of short Pt…Pt contacts. This effect can be observed between the 
different dimer geometries of pyNO2 and pyNH2 complexes. 
 
Figure 1.2. M-N distance (Å) of [PtM(SAc)4(pyX)] as a function of conjugate acid 
axial ligand pKa: (red) {PtCo}, (blue) {PtNi}, (black) {PtZn}; (triangles) pyNO2, 

























The 15C5 thiocyanate lantern derivatives 31, 33, and 35 also display an 
inversely proportional relationship between Pt-M and Pt…Sinter. distances due to 
axial ligand donation. Interactions between Na and SNCS, pull electron density from 
M and promote shorter Pt…Sinter. contacts and longer Pt-M distances. When this 
interaction is removed in the 12C4 analogs 32, 34, and 36, the thiocyanate ligand 
donates more electron density and better stabilizes the Pt-M σ orbital, causing 
shorter Pt-M distances and shorter Pt…Pt interactions.40 Furthermore, DFT 
calculations performed on the water ligated species 4, 6, and 8 are consistent with 
the donor (Pt 5dz2) – acceptor (M) character expected with the electron withdrawing 
thiobenzoate oxygen atoms, resulting in additional donation to the 3d metal center 
and the observed shortening of the Pt-M bond.  
Evidence linking the influence of electron density at the Pt center on both 
the electronic and solid-state structure of the lantern complexes in solution was 
obtained from 195Pt NMR studies with M = Mg (1-2), Ca (3) and Zn (9-10, 16, 22-
23, 26) containing complexes. The chosen array of complexes again compared 
axial ligand L, carboxylate substituent R, and M influence on Pt center electron 
density.  Both the thiocarboxylate substitution and terminal axial ligand choice 
show modest influence on the Pt center seen via 195Pt NMR shift. With 
thiocarboxylate variation, there is a downfield shift of ~6 ppm in 2 (R = Ph) vs 1 (R 
= CH3) and a downfield shift of ~10 ppm in 10 (R = Ph) vs 9 (R = CH3). Comparison 





shifts, with the most upfield being L = OH2 (9) and the most downfield when L = 
pyNH2 (26). There is more significant change due to the Lewis-acidic 3d metal 
choice, with the largest shift observed in the Zn series of lanterns.42 Despite the 
Zn2+ (74 pm) and Mg2+ (72 pm) complexes having similar structures, the chemical 
shift data suggest greater interaction of Pt with Zn than with Mg. This result is 
further confirmed in the comparison of non-luminescent [PtZn(SAc)4(py)] (23)  and 
[PtZn(SAc)4(pyNO2)] (16) to luminescent [PtZn(SAc)4(pyNH2)] (26) and 
[PtZn(SAc)4(OH2)] (9). The four complexes have similar Pt…Zn and Pt…Pt 
distances, suggesting that the luminescence is a result of excitation from a Pt…Zn 
based orbital to the π* orbital of the substituted pyridine axial ligand or thioacetate 
backbone ligand, and indicating a Pt…Zn metallophilic interaction in these 
compounds. The Pt-Zn calculated bond orders are demonstrably larger than those 
of the Mg and Ca species, suggesting increasing covalency with increasing atomic 
number. From these data, the Mg complexes show exclusively ionic metal-ligand 
interactions while the Zn species are more dative and covalent in character, with 
the Ca species lying between the two. The study of these diamagnetic complexes 
definitively shows the large effect of the Lewis acidic 3d M and axial ligand on the 
Pt environment which in turn can be used to fine tune the desired electronic and 
magnetic properties.42 
In the Ni2 homobimetallic lanterns, the choice of axial ligand has a large 





[Ni2(SOCR)4(EtOH)] has been previously studied and shown to exhibit a high spin 
S = 1 {NiO4} unit and low spin S = 0 {NiS4} center. This EtOH-based starting 
material was utilized to synthesize new Ni2 lanterns with both terminal and bridging 
axial ligands. SQUID measurements of [Ni2(SOCR)4(L)] with the bridging ligands 
DABCO or pyrazine show an S = 1 lantern core.35 DFT analysis calculations 
indicate that the spin localized structure is more energetically stable by ~6 kcal/mol 
than a spin delocalized case in which each Ni is S = 1/2.35  However, for the 
terminal ligand, quinuclidine, in [Ni2(tba)4(quin)] (37), SQUID data of the dimer 
show evidence of a highly unusual high spin S = 1 on both the {NiO4} and {NiS4} 
centers as seen in Scheme 1.4. Compared to the EtOH-containing precursor, the 
effect of the heteroatom (O vs N) coordination and the longer Ni…Ni distance 
observed in 37 could explain this spin state difference.  In 37, the inter-lantern 
Ni2S2 interactions lead to a weaker {NiS4} ligand field and therefore much longer 
Ni…Ni distances, similar to the previously described heterobimetallic square 
complexes. The Ni…Ni distance of the dimer 37 (2.5747 Å) falls between the Ni…Ni 
distances (2.5316 - 3.595 Å) observed in the Ni2 1D chains 38-41.35 When 
compound 37 was studied computationally as [Ni2(tba)4(quin)], a monomer, with 
no fifth Lewis-basic ligand on the {NiS4} Ni atom, a triplet ground state was 
observed. This electronic structure is similar to that observed in the {Ni2} lanterns 
composing chains 38-41.35 These data suggest a large effect of the capping axial 





donor and additional Lewis acid (Ni from {NiO5}) may create a more octahedral 
ligand-field splitting on the {NiS5} center.  
 
1.5. Magnetic Interactions 
 
When no inter-lantern magnetic coupling is observed, the complexes 
display Curie-Weiss behavior.  The four different dimer geometries of Scheme 1.5 
give rise to a range of different magnetic interactions between the two 3d metal 
centers. The staggered dimeric lanterns (5-8, 14-15) with the shortest Pt…Pt 
distances display antiferromagnetic coupling between 3d metal centers more than 
8 Å apart as temperature is decreased. In these cases, the Ni containing species 
always has larger antiferromagnetic coupling than the Co analog as seen in Figure 
1.3. This increase in coupling is evidence for better intramolecular Pt-Ni overlap. 
When the axial ligand favors the square dimer configuration, as in 4, 18, 20, and 
24 - 28 no coupling is observed. In these cases, the close Pt…S intermolecular 
distances dominate, causing a much smaller degree of Pt…Pt overlap, such that 
zero field splitting is the dominant magnetic effect over any antiferromagnetic 
coupling.39 The shift of the axial ligand from water to pyNO2 shows a reduction in 
the antiferromagnetic coupling in both the Co and Ni species 14 and 15; however 
the degree of this reduction is not consistent, with a twofold decrease in the Co (J 
= -6 cm-1) (14) case and a fourfold decrease in Ni (J = -12.6 cm-1) (15) when 
25 
compared to 5 (Co; J = -12.7 cm-1) and 7 (Ni; J = -50.8 cm-1) respectively. The 
coupling is not significantly changed in the dehydrated lanterns 11 - 13, however, 
signifying either that the water ligand has a minimal role in the coupling or the 
interaction with an adjacent thiocarboxylate ligand leads to similar coupling. There 
are minute differences in coupling between the thioacetate and thiobenzoate 
bridging ligands, indicating that the axial ligand has the largest and most consistent 
effect on the observed coupling.30 
The observed coupling over 8 Å apart of the dimers 5-8 and 14-15 shows 
the potential for long range interactions in these systems, perhaps through close 
Pt…Pt metallophillic contacts. The choice of terminal L group is largely able to 
control the type of inter-lantern dimeric interaction as shown in Scheme 1.5. When 
the axial ligand favors a square configuration, as with L = py or pyNH2, the 
intermolecular Pt…S distances are shorter than the Pt…Pt and the 
antiferromagnetic coupling has less effect than zero field splitting as seen in the 
𝛸𝑚𝑇 data fitting.
29-30, 39 These combined structural and magnetic studies have led
to the exploration of these building blocks for 1D chain complexes. 
2
6 
Figure 1.3. Antiferromagnetic coupling constants (J) of Co (circles) and Ni (triangles) containing solid state dimers.  





1.6. Quasi 1D Arrays 
 
The isolation of three [(py)PtM(SOCR)4(py)] compounds, 17, 19, and 22, 
indicated that axial coordination of small molecules to the Pt centers is possible 
and therefore chains could be formed with the correct choice of bridging ligand. To 
explore this idea, thiocyanate (NCS) was chosen as a bridging ligand to favor a 
{M-NCS-Pt} bridging motif.  When divalent Mn, Fe, Co, Ni and Zn are used, an 
overall negatively charged species is formed, requiring a counter cation. Using 
{Na(15C5)}+ did not result in 1D assembly of the lantern units due to Na+ 
interactions with the SNCS.  The {Na(12C4)2}+ complexes completely isolate Na and 
prevent the SNCS…Na interaction, however, chains were not formed in these 
complexes with any {Pt-M(II)} pairing.40 The lack of extended structure formation 
even with complete isolation of Na suggested that the electrostatic repulsion 
between lantern units prevented formation of the desired 1D array.  To decrease 
this repulsion, neutral lanterns were synthesized with Cr(III) in place of M(II). 
Single-crystal X-ray diffraction studies confirmed the formation of a zig-zag based 
chain of the form [PtCr(tba)4(NCS)]∞ (29) in which Cr was bound to NNCS and Pt 
bound to SNCS with unexceptional C≡N and C‒S bonds.40 
Magnetic studies of this new quasi 1D chain indicated ferromagnetic 
interactions between S = 3/2 Cr(III) centers.40 Despite the shortest intrachain 
distance between Cr centers being 7.772(1) Å, there is still electronic 





Weiss fitting of m-1 vs T data at lower temperatures suggested the net exchange 
coupling can be attributed almost entirely to the 1D interaction as opposed to 3D 
magnetic ordering of the chains. There is no linear trend in m-1 vs T at higher 
temperatures, suggesting some competing intra- and interchain interactions. 
However, the fact that the shortest interchain Cr-Cr distance is 9.86(1) Å, longer 
than the intrachain Cr-Cr distance by more than 2 Å, further indicates the 1D Cr-
Cr interaction most likely supersedes the 3D effect. Field and temperature 
dependence of the magnetization of 29 show discontinuities at low temperatures, 
suggestive of the onset of the aforementioned weak 3D ferromagnetic ordering, 
which is expected given the zig-zag nature of the chains.40 The predominance of 
ferromagnetic interactions can be rationalized with an MO description for the Pt(II)-
Cr(III) interaction. The Cr(III) ion is in a tetragonally distorted octahedral geometry. 
The π orbitals through which the bridging NCS can transmit spin density are 
orthogonal to the Pt-based 5dz2 orbital on an adjacent lantern, resulting in 
intrachain ferromagnetic interactions between Cr(III) centers. 
 Quasi- 1D arrays have also been formed with the homobimetallic Ni2 
lanterns. The doubly N-donor linkers in the form of L = DABCO or pyrazine were 
combined with Ni2 complexes creating chains 38 – 41, Scheme 1.4, which were 
compared to the terminal quinuclidine derivative, 37.  All three of these chains 
displayed the same temperature and field dependent magnetization properties, 





increase at temperatures above 10 K and a lack of curvature at these higher 
temperatures, consistent with temperature independent paramagnetism (TIP), 
meaning each S = 1 state is relatively well isolated from adjacent lantern units.35 
In each case, a sharper downturn in T at lower temperatures indicates very weak 
antiferromagnetic interactions between lantern units. When compared to the 
{PtCrNCS} 1D chain, 29, the coupling within these Ni2 chains is ~10 times smaller, 
indicating that the bridging DABCO and pyrazine do not allow for much magnetic 
communication. This weak coupling was also confirmed computationally via an 
estimate of the exchange coupling in [L{Ni2(SOCR)4}L{Ni2(SOCR)4}L] with L = 
DABCO or pyrazine.35 
 
1.7. Summary and Future Directions 
 
Among all these compounds, three novel magnetic phenomena were 
observed (Scheme 1.7). Initially, long range antiferromagnetic coupling between 
two metals more than 8 Å apart was observed in solid state dimers formed via 
metallophilic Pt…Pt interactions which can be switched on or off by choice of the 
terminal L group. An infinite chain was prepared in [PtCr(tba)4(NCS)]∞ which 
displays ferromagnetic coupling between Cr centers with J/kB =1.7(4) K. 
Homobimetallic quasi- 1D chains of the form [Ni2(SOCR)4(L)]∞ (R = Ph, CH3; L = 





centers have two different spin states with weak antiferromagnetic coupling along 
the chain, such that −0.18 > J/kB > −0.24 K. In the [Ni2(tba)4(quin)] derivative, a 
solid-state dimer forms with a bridging square conformation by inter-lantern Ni2S2 
interactions and displays unusual S = 1 configurations on both Ni centers and weak 
antiferromagnetic coupling between them. 
The synthesis of homo- and heterobimetallic lantern complexes described 
in this chapter can be expanded in many directions. Already Pt- as well as Pd-
based heterobimetallic metalloligands, [M(SOCR)4]2-, have been used for the 
synthesis of trimetallic, high symmetry lanthanide complexes with tunable 
geometry via a chelating effect of the lantern units.43  The {PtM} complexes 
described may be bridged into chains with similar or new linkers. The new 
magnetic and electronic properties of these systems will add to the continuously 
growing field of 1D systems. 
 






In this thesis, several expansions to the above described family of lantern 
compounds will be discussed. First, the discovery of exceptionally long 
metallophilic contacts in a family of new [PtM(SAc)4(pySMe)] (M = Fe, Co, Ni) 
lanterns and their detailed structural and magnetic characterization are reported. 
Reported in Chapter 2 are the synthesis and characterization of the M = Mn(II) and 
Fe(II) additions to the [PtM(SAc)4(pyNH2)] family of lanterns. Chapter 3 describes 
the utility of the [PtVO(SOCR)4] lanterns as monodentate, terminal oxo-bound 
ligands in the formation of trimetallic lanthanide complexes 
[Ln(DBP)3{PtVO(SOCR)4}] (Ln = Ce, Nd, R = Me, Ph). This chapter features both 
the structural and magnetic studies of the four low coordinate lanthanide 
complexes. In Chapter 4, a series of mercaptopyridine lanterns [PtNi(mPyS)4(L)] 
(L = H2O, MeCN, pyCN) has been synthesized and a detailed structural 
comparison to their [PtNi(SAc)4(L)] analogs made to determine the role of the 
lantern backbone ligand in the formation of intermolecular interactions. In addition 
to these Ni complexes, the development of an improved air and water stable 
synthesis for the formation of the di-Pt mercaptopyridine para-hydro lantern, 
[Pt2(PyS)4], is reported. The discovery of novel {PtnZn2} mercaptopyridine 
HEMACs through a solvothermal synthesis is discussed in Chapter 5. A structural 
comparison of the tetrametallic HEMAC {Pt2Zn2} compound with the para-hydro 
mercaptopyridine ligand was made to the pentametallic {Pt3Zn2} complex having 
the para-methyl mercaptopyridine ligand.  A novel heterotrimetallic {Zn2Pt} 





CHAPTER 2: Synthesis and characterization of pySMe-ligated lantern 




Synthetic chemists strive toward control over the magnetic and electronic 
properties of molecules. Many approaches have been employed in this pursuit, 
including modulation of metal-metal bonding and non-covalent interactions, as well 
as the installation of electronically conductive bridging ligands to link discrete units 
into quasi 1D arrays.9, 14, 44-47 A recent review by Chipman and Berry explores the 
design, synthesis, and characterization of paramagnetic heterometallic metal-
metal bonded complexes in an effort to rationalize and predict potential 
conductivity and magnetism of molecular wires.47 1D systems are of further interest 
due to their  potential applications in a variety of fields, including magnetic 
resonance (MR) imaging48, vapochromic sensors2, and luminescent materials.3-4 
Currently, selectively controlling the magnetic and electronic properties of 
arrays through variations in the individual units is an active area of study. 
Heterobimetallic lantern (or paddlewheel) complexes of the form [MM’(LX)4(Y)n], 
with M, M’ = divalent metal, (LX) = chelating ligand, and Y a terminal ligand on M’, 
are attractive candidates as their anisotropic structure potentially enables such 
selectivity. The inherent donor atom asymmetry (L vs X) in these compounds can 





on the choice of metal centers (M and M’), backbone ligand (L and X variations), 
and the terminal or bridging character of the axial ligand, Y. In particular, Mn(II) 
(d5, S = 5/2) and Fe(II) (d6, S = 2) are of interest in these systems due to their large 
single-ion spin states, which have previously been exploited in the syntheses of 
conductive and magnetic materials.47, 50 
There are many examples of bimetallic monomeric and bridged lantern 
complexes supported through neutral and anionic ligands as well as metal-metal 
interactions.47, 51-52 Less common are Fe- and Mn-based lantern complexes. To 
date, the Cambridge Structural Database (CSD)53 contains only a small number of 
homobimetallic Fe based lantern complexes, with even fewer heterobimetallic 
species.54-55 For instance, Lippard and colleagues have reported the synthesis of 
carboxylate rich {FeO4}v ligated di-iron monomers and dimers.56 They proposed 
that the coordination of water ligands alters the stereochemistry of a di-iron 
complex through the conversion of a lantern to a windmill geometry with two of the 
carboxylate ligands no longer bridging the iron centers, but instead each chelating 
to only one of the metal centers.57 In addition to bimetallic lantern systems, Berry 
and colleagues have reported the synthesis and properties of Fe-containing 
trimeric lantern complexes that contain a quadruple bond, M≡M…M’ (M = C, Mo, 
W; M’ = Fe, Zn).58  
 Similarly, only a handful of homobimetallic and trimetallic Mn lantern 
complexes have been synthesized and characterized. Berry and coworkers 





dipyridylamide) lantern that demonstrates the effect of lattice solvent molecules 
and the large magnetic anisotropy of the quadruply bonded M centers on the 
relative zero field splitting of Fe vs Mn.59 Carboxylate bridged complexes are the 
most common form of bimetallic Mn-containing lanterns, as both discrete 
monomers60-61 and chains62-64.  
 There has only been one crystallographically characterized heterobimetallic 
lantern structure that contains a Mn(II) center deposited in the CSD.53 This 
carboxylate based Pd-Mn lantern complex forms 1D arrays bridged through H-
bonding of the axially coordinated water molecules and the MeCOOH lattice 
solvent molecules.54 The only example of an Fe containing heterobimetallic lantern 
is a diamagnetic triply-bonded Ti≡Fe complex with no axially ligated terminal or 
bridging groups.55 
 The only other examples of heterobimetallic lantern complexes containing 
Fe or Mn are from our own work. As seen in Scheme 1.2, the Doerrer group has 
used the various modifications of the lantern structure in the synthesis of over 50 
new complexes, however only one example each of an Fe(II) or Mn(II) containing 
lantern. Previously40, we have synthesized an anionic Mn-containing lantern, 
{Na(12C4)2}[PtMn(SAc)4(NCS)], (12C4 = 12-crown-4) as discussed in Chapter 1 
and reviewed in Accounts of Chemical Research.51-52 This complex was the first 
example of a Mn lantern with an axially coordinated ligand, however only 
connectivity data was collected therefore it could not be fully structurally 





heterobimetallic Fe-containing lantern, [PtFe(tba)4(OH2)],29 had been synthesized 
and characterized in our earlier work, using the thiobenzoate (tba) backbone ligand 
as opposed to the thioacetate (SAc) used in the complexes described within this 
report. 
 Herein, are described the synthesis and characterization of a new series of 
heterobimetallic lantern complexes [PtM(SAc)4(pySMe)] (pySMe = 4-
thiomethylpyridine) in which M = Mn (42), Fe (43), Co (44), Ni (45), and Zn (46). 
Two other new lantern complexes in the previously published [PtM(SAc)4(pyNH2)] 
series39 (SAc = thioacetate, pyNH2 = 4-aminopyridine) in which M = Mn (47) and 
Fe (48), prepared by Linda Zuckerman, are included in the comparative 
discussion.  Compounds 42 and 47 are the first neutral Pt-Mn heterobimetallic 
lantern compounds to be prepared, the only other Pt-Mn example being our 
previously published anionic {Na(12C4)2}[PtMn(SAc)4(NCS)] complex.40  
Additionally, compounds 43 and 48 are the first examples of a Pt and Fe containing 













2.2.1 Materials and Methods 
 
Potassium tetrachloroplatinate (K2PtCl4) was prepared by a series of 
literature procedures: platinum metal was dissolved in aqua regia to yield 
hexachloroplatinic acid (H2PtCl6),65 which was converted to potassium 
hexachloroplatinate (K2PtCl6) by a cation exchange,66 followed by reduction of 
K2PtCl6 to K2PtCl4.67 Other reagents were obtained commercially and used without 
further purification. The ligand 4-(methylsulfanyl)pyridine (pySMe) (CAS: 22581-
72-2), was purchased from Enamine at 95 % purity and used without further 
purification. Elemental analyses were performed by Atlantic Microlab Inc. 
(Norcross, GA). UV−vis−NIR spectra were measured with a Shimadzu UV-3600 
spectrometer. 1H- and 13C{1H}-NMR spectra measurements were recorded on a 
Varian 500 MHz spectrometer. 
 
 
2.2.2 X-ray Crystallography 
 
X-ray crystallography was performed by Prof. Arnold Rheingold at UCSD. 
Crystals of 42-46 were mounted on a Cryoloop with Paratone N oil, and data were 
collected at 100 K on a Bruker Proteum-R with a CCD detector using Mo Kα 





for 42-46 is found in Table 2.4. Selected bond distances and angles for 42 and 46-
48 are found in Table 2.1 and for 43-45 in Table 2.2.  Data were corrected for 
absorption with SADABS, and structures were solved by direct methods. All non-





Solution-state magnetic susceptibility data were collected by the Evans 
method for 42-45 and 47-48.68-69 Solid-state magnetic property data for 
compounds 43–45 were collected by the group of Prof. Matthew Shores at 
Colorado State University using a Quantum Design MPMS XL SQUID 
magnetometer and fit using the program PHI.70 Powdered microcrystalline 
samples were loaded into polyethylene bags and inserted into a straw before 
transportation to the magnetometer. The presence of ferromagnetic impurities was 
probed by a variable field analysis (0 to 10 kOe) of the magnetization at 100 K 
(Figure 2.12.). Lack of curvature in the M vs H plots for 44 and 45  (R2 = 0.99999 
for both) indicate the absence of significant ferromagnetic impurities; the curve in 
the low field portion of the field-dependent magnetization (R2 = 0.99973) for 43 
obligated the use of higher fields (H ≥ 1 kOe) for further measurements. Magnetic 
susceptibility data were collected at temperatures ranging from 2 to 300 K. Data 





subtracting empty containers; corrections for the sample were calculated from 
Pascal’s constants.71The magnetic susceptibility data were fit to spin Hamiltonians 




2.2.4 Synthetic Procedures 
 
The starting complexes [PtM(SAc)4(OH2)], M = Mn,40 Fe, Co, Ni, Zn were 
prepared by previously reported methods.30 Commonly reported in units of Bohr 
magneton, µB, effective magnetic moments (µeff) are defined as the product of µB 
and several other terms as seen in the equation below in which k is Boltzmann’s 
constant, T is temperature, χM is the experimentally determined molar 









[PtMn(SAc)4(pySMe)] (42). [PtMn(SAc)4(OH2)] (109.5 mg, 0.193 mmol) 
was freshly prepared with MnSO4.H2O as the 3d metal source and dissolved in ~5 
mL of acetone. An amount of pySMe (24 mg, 0.192 mmol) was dissolved in ~5 mL 
acetone and added dropwise to the above mixture. After stirring for 24 h at room 
temperature, an off-white precipitate was filtered from a colorless solution, and 





evaporation at ~9 oC to obtain analytically pure pale-yellow crystals suitable for X-
ray diffraction studies. Recrystallized yield: 34.2%. Anal. Calc’d. for 
PtMnC14H19NO4S5: C, 24.89; H, 2.83; N, 2.07%. Found: C, 24.95; H, 2.81; N, 
2.10%. UV−vis−NIR (CH2Cl2) (λmax, nm (εM, cm−1 M−1)): 273(84,700), 357 
sh(3220). Evans method (CD2Cl2): 5.8(1) µB. 
[PtFe(SAc)4(pySMe)] (43). [PtFe(SAc)4(OH2)] was freshly prepared with 
FeSO4.7H2O as the 3d metal source and the above synthesis for 
[PtMn(SAc)4(pySMe)], was executed. An orange solid was obtained and 
recrystallized from slow evaporation of CH2Cl2 at ~9 oC to obtain analytically pure 
orange crystals suitable for X-ray diffraction studies. Recrystallized yield: 48.9%. 
Anal. Calc’d. for PtFeC14H19NO4S5: C, 24.86; H, 2.83; N, 2.07%. Found: C, 25.16; 
H, 2.82; N, 1.99%. UV−vis−NIR (CH2Cl2) (λmax, nm (εM, cm−1 M−1)): 274(88,500), 
380(3060), 970(8). Evans method (CD2Cl2): 5.4(1) µB. 
 
[PtCo(SAc)4(pySMe)] (44). [PtCo(SAc)4(OH2)] was freshly prepared with 
CoCl2.6H2O as the 3d metal source and the above synthesis for 
[PtMn(SAc)4(pySMe)], was executed. A pale gray solid was collected and 
recrystallized from CH2Cl2 at ~9 oC to obtain analytically pure purple crystals 
suitable for X-ray diffraction studies. Recrystallized yield: 54.7%. Anal. Calc’d. for 
PtCoC14H19NO4S5: C, 24.74; H, 2.82; N, 2.06%. Found: C, 24.52; H, 2.80; N 
1.98%. UV−vis−NIR (CH2Cl2) (λmax, nm (εM, cm−1 M−1)): 279 (51,100), 499(123), 
524(70.3), 583(20.8), 1383(5). Evans method (CD2Cl2): 5.2(1) µB.  
40 
[PtNi(SAc)4(pySMe)] (45). [PtNi(SAc)4(OH2)] was freshly prepared with 
NiCl2.6H2O as the 3d metal source and the above synthesis for 
[PtMn(SAc)4(pySMe)], was executed. A yellow-green solid was obtained and 
recrystallized from CH2Cl2 by slow evaporation at ~9 oC to obtain analytically pure 
green crystals suitable for X-ray diffraction studies. Recrystallized yield: 48.4%. 
Anal. Calc’d. for PtNiC14H19NO4S5: C, 24.75; H, 2.82; N, 2.06%. Found: C, 24.80; 
H, 2.74; N, 2.00%. UV−vis−NIR (CH2Cl2) (λmax, nm (εM, cm−1 M−1)): 275(76,200), 
673(10), 830(2), 1165(9). Evans method (CD2Cl2): 3.8(1) µB.  
[PtZn(SAc)4(pySMe)] (46). [PtZn(SAc)4(OH2)] was freshly prepared with 
ZnCl2 as the 3d metal source and the above synthesis for [PtMn(SAc)4(pySMe)] 
was executed. A white solid was obtained and recrystallized from CH2Cl2 slow 
evaporation at ~9 oC to obtain analytically pure white crystals suitable for X-ray 
diffraction studies. Recrystallized yield: 51.7%. Anal. Calc’d. for PtZnC14H19NO4S5: 
C, 24.51; H, 2.79; N, 2.04%. Found: C, 24.70; H, 2.75; N, 2.14%. UV−vis−NIR 
(CH2Cl2) (λmax, nm (εM, cm−1 M−1)): 276(56,600). 1H NMR (δ, ppm {CD2Cl2): 2.38 
(s, 12H, CCH3), 2.58 (s, 3H, SCH3), 8.65 (d, 4H, NC5H4SMe). 13C NMR (δ, ppm 
{CD2Cl2} 214.6 (s, SO(C)CH3), 155.76 (s, para-NC5H4SMe), 147.98 (s, ortho-





2.3 Results and Discussion 
 
2.3.1 Synthesis and Structure 
 
The utility of the thioacetate ligand for selective coordination of two different 
metals has been well demonstrated, as discussed in Chapter 1.51,52 The lantern 
complexes reported herein were synthesized through modification of our 
previously published methods, as seen in Scheme 2.1. For 42 and 47, the metal 
salt hydrate of MnSO4 was used due to its availability, and FeSO4 as opposed to 
the more easily oxidized chloride salt was used for 43 and 48. 
 
Scheme 2.1.  Heterobimetallic complexes synthesized with different axial 





 All of the presented complexes were synthesized from freshly prepared 
[PtM(SAc)4(OH2)].30 For the synthesis of 42-46, the water adduct is dissolved in 
approximately 5mL of acetone to which pySMe dissolved in ~5 mL acetone is 
added dropwise. This solution is then stirred for 24 hours at room temperature, 
yielding a precipitate that is isolated via filtration. The collected solid is then 
washed with hexanes and crystallized via slow evaporation of CH2Cl2. Compounds 
47 and 48 were similarly synthesized by dissolving the freshly prepared water 
adduct in a mixture of 20mL of acetone and 10mL of CH2Cl2 and then adding 4-
aminopyridine (pyNH2) dissolved in 10mL of CH2Cl2. The resultant mixture is 
refluxed for approximately three hours after which the solution is concentrated, and 
the precipitate filtered. The collected powder is then rinsed with Et2O, dried, and 
crystallized via CH2Cl2 slow evaporation.   
 
Figure 2.1. ORTEP of [PtMn(SAc)4(pySMe)] (42). Ellipsoids are drawn at the 50% 





Compounds 42 and 47 are the first examples of a neutral Pt-Mn lantern with 
an axial ligand, and the first to be crystallographically characterized, as seen in 
Figure 2.1. The first reported example of a Pt-Mn lantern was 
{Na(12C4)2}[PtMn(SAc)4(NCS)] (30), which was prepared by our group with 
thiocyanate (NCS-) in the axial position.40 Single crystals of this complex were 
obtained but due to excessive solvent disorder only connectivity information could 
be determined from the single crystal X-ray diffraction data. As seen in the selected 
bond distances and angles in Table 2.1, 42 was found to have a non-bonding 
Pt…Pt interaction of 3.8104(3) Å and Pt…S interaction of 3.2896(7) Å. 
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As previously discussed in Chapter 1,51-52 the solid state structures give rise 
to intermolecular Pt…Pt and Pt…S interactions that lead to dimeric species, which 
we have divided into four categories based on the observed distances as well as 
the angle along the M-Pt-Pt vector.39-40 The staggered and square designations 
are shown in Scheme 2.2 along with the metrical parameters used to distinguish 
them. This scheme includes the new compounds reported herein, as well as 
 
Scheme 2.2. Solid state lantern classifications of dimeric [PtM(LX)4(Y)] complexes 
with substituted pyridine or water axial ligands. Compounds in italics have been 





compounds containing terminal water,30 nitropyridine,30 pyridine,39 and 4-
aminopyridine39 ligands from previous publications. The solid-state dimer of 42 
falls into the previously determined square classification. However, 42 has a M-Pt-
Pt angle of approximately 150o, the largest of any lantern in the square class. It 
has been previously observed that as the M-Pt-Pt angle becomes more acute, the 
sulfur atoms are brought into closer contact as seen in Figure 2.2, but this is not 
the case for 42, perhaps due to differences in the crystal packing.  
 
Figure 2.2. Comparison of M-Pt-Pt angle (o) and shortest S…S contact (Å) in 
square lantern complexes when L = py (orange), pyNH2 (blue), pySMe (green). 
Previously published complexes are denoted with triangles while 42, 46, 47 and 





Compounds 43 and 48 are the first examples of a Pt-Fe lantern with a 
pyridine-based axial ligand, allowing for comparison to our previous lanterns 
discussed in Chapter 1. The only previously published Pt-Fe containing lantern 
complex, [PtFe(tba)4(OH2)] (4)29, was synthesized by our group with a square 
conformation. Single crystal X-ray diffraction studies of Fe-containing 43 revealed 
two crystallographically independent dimers (denoted as A/B and C/D) with Pt-Fe 
distances of 2.6848(8) Å and 2.6633(8) Å, as shown in Figure 2.3 and Table 2.2. 
The B/C dimer has a longer Pt-Fe distance with an intermolecular Pt(1B)…Pt(1C) 
interaction of 3.2913(6) Å, suggesting a Pt…Pt metallophilic interaction. This 
represents the first example of a metallophilic interaction observed between any 







Figure 2.3. ORTEP of staggered conformations of the two crystallographically 
independent dimers of [PtFe(SAc)4(pySMe)] (43). Ellipsoids are drawn at the 50% 






Table 2.2. Selected bond distances (Å) and interatomic angles (o) for 43 - 45. 
 43 44 45 
Pt-M (Å) 
Pt-Fe (1A) 2.6633(6) Pt-Co (1A) 2.6477(13) Pt-Ni (1A) 2.5918(4) 
Pt-Fe (1B) 2.6737(6) Pt-Co (1B) 2.6431(13) Pt-Ni (1B) 2.6057(4) 
Pt-Fe (1C) 2.6848(6) Pt-Co (1C) 2.6566(13) Pt-Ni (1C) 2.6166(4) 
Pt-Fe (1D) 2.6762(6) Pt-Co (1D) 2.6339(13) Pt-Ni (1D) 2.5945(4) 
       
Pt-M deviation (Å) 
Pt-Fe (1A) 0.0018 Pt-Co (1A) 0.00091 Pt-Ni (1A) 0.0032 
Pt-Fe (1B) 0.0042  Pt-Co (1B) 0.00013 Pt-Ni (1B) 0.0028 
Pt-Fe (1C) 0.0048 Pt-Co (1C) 0.00078 Pt-Ni (1C) 0.0024 
Pt-Fe (1D) 0.0012 Pt-Co (1D) 0.00117 Pt-Ni (1D) 0.002 
       
M-N (Å) 
Fe-N (1A) 2.121(3) Co-N (1A) 2.084(8) Ni-N (1A) 2.040(3) 
Fe-N (1B) 2.131(3) Co-N (1B) 2.089(8) Ni-N (1B) 2.038(3) 
Fe-N (1C) 2.132(3) Co-N (1C) 2.100(8) Ni-N (1C) 2.049(3) 
Fe-N (1D) 2.127(3) Co-N (1D) 2.089(8) Ni-N (1D) 2.042(3) 
       
M-N deviation (Å) 
Fe-N (1A) 0.003 Co-N (1A) 0.032 Ni-N (1A) 0.027 
Fe-N (1B) 0.003 Co-N (1B) 0.072 Ni-N (1B) 0.024 
Fe-N (1C) 0.006 Co-N (1C) 0.072 Ni-N (1C) 0.027 
Fe-N (1D) 0.021 Co-N (1D) 0.072 Ni-N (1D) 0.006 
       
Pt…Pt (Å) 
Pt(1B)…Pt(1C) 3.2913(6) Pt(1B)…Pt(1C) 3.2737(7) Pt(1C)…Pt(1D) 3.2198(6) 
Pt(1A)…Pt(1D) 3.4533(6) Pt(1A)…Pt(1D) 3.3977(7) Pt(1A)…Pt(1B) 3.3212(6) 




















       
Intermolecular Pt…S (avg) (Å) 
B/C dimer 4.031 B/C dimer 4.019 C/D dimer 3.981 





The Pt(1A)…Pt(1D) distance in the A/D dimer of 43 has a much longer Pt…Pt 
interaction of 3.4533(6) Å compared to the B/C dimer. Interestingly, both 
independent dimers seen in the crystal structure fall into the staggered category, 
with shorter Pt…Pt than Pt…S interactions and virtually linear Fe-Pt-Pt vectors, as 
opposed to square [PtFe(tba)4(OH2)] (4).29 The longer A/D dimer is significant, as 
previously all the staggered lantern complexes have distances consistent with 
Pt…Pt metallophilic interactions within the range of 3.0583(4) - 3.1261(3) Å.  Given 
the structural variability in these dimers, this linear arrangement of the four metal 
centers seems to indicate a direct interaction of the two Pt atoms even at a long 
distance, which is preferred for the staggered complexes over any other structure. 
The staggering of the carboxylate backbone ligands allows for the closer Pt 
interactions and promotes greater overlap of the dz2 orbitals. Despite these much 
longer than usual Pt…Pt interactions in the A/D dimer of 43, the staggered 
conformation of both dimers leads to their metallophilic classification and displays 
the subtle energy differences between and within the four classes of lantern 
complexes previously reported.51-52 The observation of antiferromagnetic coupling 
between lanterns further suggests metallophilic interactions, as discussed below 
in Section 2.3.3. 
The Co (44) and Ni (45) analogs, shown in Figures 2.4 and 2.5, are 
isomorphous to the Fe-containing complex (43), and therefore also have two 





44 has a Pt(1B)…Pt(1C) metallophilic interaction of 3.2737(7) Å and a longer 
average Pt…S interaction of 4.019 Å (Table 2.2). The A/D dimer in 44 has the 
second longest Pt(1A)…Pt(1D) interaction of 3.3977(7) Å and Pt…S average 
distance of 4.124 Å. Similar to 43, both dimers of 44 are in the staggered class. 
Similarly, in isomorphous Ni-containing 45, the C/D dimer has a Pt…Pt metallophilic 
interaction of 3.2198(6) Å and average Pt…S of 3.981 Å and the A/B dimer with a 
longer Pt…Pt interaction of 3.3212(6) Å and average Pt…S of 4.071 Å. 
 
  
Figure 2.4. ORTEP of staggered conformations of the two crystallographically 
independent dimers of [PtCo(SAc)4(pySMe)] (44). Ellipsoids are drawn at the 






The only previous examples within our work of PtM lantern complexes 
having two crystallographically independent molecules within the asymmetric unit 
are the anionic complexes {Na(15C5)}[PtCo(SAc)4(NCS)] and 
{Na(12C4)2}[PtCo(SAc)4(NCS)] which lack Pt…Pt metallophilic interactions.40 The 
lantern complexes in the 15-crown-5 complexes 31, 33, and 35, 
  
Figure 2.5. ORTEP of staggered conformations of the two crystallographically 
independent dimers of [PtNi(SAc)4(pySMe)] (45). Ellipsoids are drawn at the 50% 





{Na(15C5)}[PtM(SAc)4(NCS)]  exhibit a partially eclipsed geometry (see Scheme 
1.5) with an average difference of 0.008 Å between their Pt…Pt interactions 
whereas the molecules in the analogous 12-crown-4 derivatives, 32, 34, and 36,  
are totally eclipsed and with an average difference of 0.008 Å. The change in the 
intermolecular Pt…Pt distances between the dimers in 43, 44, and 45 are much 
more pronounced than seen in the Co-NCS complexes, with differences of 0.162, 
0.124, and 0.101 Å respectively. The slightly different crystal packings seen in 43-
45 resulting in slightly different dimer structures are most likely due to a shallow 
potential energy surface existing among these four types of lantern conformations, 
as discussed previously in relation to square 42. In this case, the crystal packing 
leads to dimers with exceptionally long Pt…Pt metallophilic interactions, indicating 
that the ranges in metrical parameters used to determine these classes can be 
expanded. In fact, polymorphs of the dithiocarboxylates [Pt2(S2CR)4] have shown 
differences in these Pt interactions through choice of crystallization solvent.74 
When crystallized from toluene, a zig-zag chain is observed in which the dimers 
have a square configuration with long Pt…Pt and short Pt…S interactions, whereas 
linear chains with much closer Pt…Pt interactions are obtained through 
crystallization from CH2Cl2. This observation has led to the hypothesis that solvent 
polarity may play a determining role in the dimer alignments.75     
The Zn-containing compound (46) (Figure 2.6a) is most similar to the Mn 





a non-bonding Pt…Pt interaction of 3.9165(3) Å and Pt…S intermolecular interaction 
of 3.1195(7) Å (Table 2.1), falling into the square class.  In addition to 42, 47 
(Figure 2.6b) represents a new Mn-containing complex, synthesized by Linda 
Zuckerman, in this case with the pyNH2 terminal ligand. Single crystal X-ray 
diffraction studies of 47 show a non-bonding Pt…Pt interaction of 4.1413(3) Å and 
Pt…S interaction of 3.348(1) Å.  Unlike 42, 47 has a M-Pt-Pt angle much closer to 
145o and agrees with the previously observed trend shown in Figure 2.2. 
Compound 48 (synthesized by Linda Zuckerman, Figure 2.6.c.) has a typical 
monomeric lantern structure with a Pt…Pt non-bonded interaction of 4.1282(5) Å. 
Similar to 42 and 47, compound 48 falls into the square classification with a close  






All of our previously reported lantern complexes that exhibit Pt…Pt 
metallophilic contacts are within the staggered class while all those within the 
square class show no intermolecular coupling. These include examples of 
 
a)                                                                  b)
  
c)  
Figure 2.6. ORTEP of a) [PtZn(SAc)4(pySMe)] (46) and b) [PtMn(SAc)4(pyNH2)] 
(47) and c) [PtFe(SAc)4(pyNH2)] (48) . Ellipsoids are drawn at the 50% level. 





complexes with both the acetate ligand used in this report30 as well as the bulkier 
benzoate ligand.29 Previously, greater antiferromagnetic coupling was seen in Ni 
cases than Co, as discussed earlier.29-30, 51-52 The metallophilic interactions in the 
new series of pySMe based lantern complexes 43-45 range from 3.2198(6) – 
3.2913(6) Å for the dimers with shorter interactions and 3.3212(6) – 3.4533(6) Å 
for the dimers with longer interactions, as seen in Table 2.2. As one might expect, 
as the atomic number of the 3d metal decreases from Fe to Ni, the Pt…M distances 
decrease.   
Pt…Pt metallophilic interactions have been well studied in the literature, 
using the Pt…Pt distance,76 luminescence,77-78 or conductivity79-80 to determine the 
presence of this interaction. For example, in potassium tetracyanoplatinates 
(KCPs), extended chains are formed through the stacking of square-planar 
partially oxidized [Pt(CN)4]-2 anions.74 The electrical conductivities of these 
compounds support that the longest Pt…Pt metallophilic interaction, or the longest 
distance in which there is demonstrable dz2 orbital overlap, is approximately 3.3 Å 
for KCPs.81 Work with dithiocarboxyate lantern complexes [Pt2(S2CR)4] (R = CH3, 
(CH2)4CH3, or cyclohexyl) has shown that subtle changes in intermolecular Pt…Pt 
distances have a large effect on the resultant conductivities of compounds, with 
the most conductive analog being R = CH3 with a distance of 3.138(1) Å and room 
temperature conductivity of 2x10-3 S.cm-1. When the R group is bulkier (R = 





increases slightly to 3.141(1) Å. The correlation between conductivity and Pt…Pt 
distance is distinctly demonstrated when R = cyclohexyl; the Pt…Pt distance 
significantly increases to 3.339(2) Å with an almost negligible conductivity of less 
than 0.001x10-3 S.cm-1, and has been further indicated in DFT studies.74 These 
results are in agreement with the maximum Pt…Pt interaction observed for KCPs 
of about 3.3 Å and any longer distances correspond to a drastic decrease in the 
resultant conductivity. In our previously reported complexes, we have argued the 
presence of Pt…Pt metallophilic interactions based on their distances, which range 
from 3.0583(4) - 3.1261(3) Å, which are well within the ranges observed for KCPs 
and [Pt2(S2CR)4]. The structures in 43-45 all have one dimer within the 
demonstrated range for a metallophilic interaction and one outside of this range. 
Because the steric bulk of these three lantern building blocks is virtually the 
same, as indicated by the isomorphous crystal structures (see data in Table 2.4.) 
the solid-state structural differences among these metallophilic dimers are likely to 
be influenced by several factors, whose relative influence is difficult to quantify.82  
These factors include the relative Lewis acid-base character of Pt and S in each 
lantern, dispersion effects, electronic character of the 3d metal, and intermolecular 
packing forces from the carboxylate substituent.  An additional indicator of 
electronic communication between the dimers across the Pt…Pt contact is their 






2.3.2 Electronic Spectroscopy 
  
Previously made lantern complexes exhibit three types of electronic 
transitions: LMCT, d-d transitions, and intermetallic d-d charge transfer.  As 
discussed previously in Chapter 1 as well as the published review of previous 
Doerrer group lanterns,51-52 all lantern complexes with the thioacetate backbone 
exhibit LMCT in the UV region around 260 nm, all open-shell species have d-d 
transitions in the visible, and some intermetallic transitions in the near infrared 
region. In addition to the observed LMCT band, Mn-containing 42 and 47 display 
a lower intensity UV peak around 370 nm consistent with a charge transfer band, 
as seen in Figure 2.7. The only previously published anionic Pt-Mn containing 
lantern displayed a weak peak in the visible at 444 nm as well as a weak NIR 
absorbance at 1159 nm,40 this NIR absorbance was not measured in these 
complexes. The 370 nm absorbances in both 42 and 47 (Figure 2.7 and 2.8) are 
blue shifted by about 80 nm compared to the visible peak observed in the previous 















































Fe-containing 43 has a strong UV peak around 380 nm with a molar 
absorptivity of 3060 M-1cm-1 assigned to charge transfer, as seen in comparison 
with 42 in Figure 2.7. In Fe-containing 48, this peak is blue shifted to 359 nm 
(Figure 2.8). In previously synthesized [PtFe(tba)4(OH2)] (4), a weak NIR 
absorbance at 996 nm was observed and attributed to intermetallic d-d charge 
transfer. A similar weak NIR peak around 970 nm observed in 43 as well, but this 
region was not measured in 48 due to low solubility. 
Electronic spectra for 44-46 (Figures 2.9-2.11) are consistent with our 
previously reported lantern complexes with M = Co, Ni, and Zn. All have a peak in 
the UV region around 260 nm assigned to LMCT from the thioacetate backbone to 
Pt center and for diamagnetic Zn-containing 46, this is the only feature.40 Co-
 

























containing 44 displays two absorptions in the visible range around 500 nm and 524 
nm that are assigned to d-d transitions on the Co center. Ni-containing 45 has two 
weaker absorptions in the visible range around 673 nm and 830 nm. Both 44 and 
45 show weak absorptions in the NIR as well, at 1383 nm and 1165 nm 
respectively, which suggest intermetallic d-d charge transfer.  
 
 























































































2.3.3 Magnetic Susceptibility 
 
 While ferromagnetic materials have been well-exploited in various 
technologies, it is only more recently that antiferromagnets have gained increased 
interest. This recent interest is due to their insensitivity to magnetic field 
perturbations, intrinsic high frequency dynamics, and magneto-transport effects, 
making them useful in spin-based technologies.83 In this vein, both the magnetism 
of the monomeric lantern species, and the changes in that magnetism upon solid-
state dimer formation were of interest. 
 






















Solution state Evans method measurements68-69 were performed for all 
complexes except Zn-containing 46. The spin only predicted value for a high spin 
octahedral Mn(II) ion is 5.9 µB, and Mn-containing 42 and 47 show susceptibility 
values of 5.80 and 5.98 µB respectively. Although commonly reported in units of 
Bohr magneton, µB, effective magnetic moments are unitless.72-73 Both complexes 
are consistent with a high spin pseudo-octahedral oxygen ligated Mn(II) ion.  
Fe-containing 43 and 48 show µeff values of 5.45 and 4.47 µB respectively. 
The predicted spin-only magnetic moment for a high spin octahedral Fe(II) 
complex is 4.90 µB and that for high spin Fe(III) is 5.92 µB. Compound 43 has a 
value higher than predicted for Fe(II), but still within the common range. As seen 
with our previously published Co and Ni containing lantern complexes,51-52 our only 
other published Fe containing lantern, [PtFe(tba)4(OH2)]29 also has a larger than 
predicted spin-only magnetic moment of 5.11 µB. Compound 48 is a bit unusual in 
that the experimental susceptibility is actually lower than the predicted spin only 
value, but this value is still within the range of observed species for a high spin 







Figure 2.12. Field dependence of magnetization (left) at 100 K and solid state 
magnetic susceptibilities (right) at 1 kOe and 10 kOe of a) [PtFe(SAc)4(pySMe)] 
(43); b) [PtCo(SAc)4(pySMe)] (44); c) [PtNi(SAc)4(pySMe)] (45). Note: given the 





These solution susceptibility values of 5.24 µB (44) and 3.82 µB (45) for the Co 
and Ni-containing complexes are both consistent with high spin first-row transition 
metal centers with oxygen carboxylate donors and a pseudo-octahedral geometry. 
The predicted spin-only magnetic moment for a high spin Co(II) complex is 3.88, 
however, higher than expected magnetic moments are often observed in Co 
complexes due to their spin orbit coupling. Our previous Co-containing complexes 
have had higher than predicted susceptibility values, ranging from 4.61 µB for L = 
py39 and 5.06 µB for L = pyNO2,30 therefore this larger value for 44 is not surprising. 
Similarly, for Ni-containing 45, the larger than predicted value of 2.83 µB is 
expected, as seen previously with L = py having a susceptibility value of 3.15 µB. 
Variable-temperature magnetic properties of solid-state samples of the 
heterobimetallic {PtM} lantern complexes 43 (M = Fe), 44 (M = Co), and 45 (M = 
Ni), those with staggered dimeric configurations, were also determined. Initially the 
magnetization of each compound was measured at 100K versus a variable field 
up to 10 kOe to test for magnetic impurities. The temperature-dependent magnetic 
susceptibilities, collected between 2 K and 300 K, are shown on the right-hand 
side of Figure 2.12. Samples of 43-45 all displayed a Curie tail in their temperature 
dependence of the magnetic susceptibility, which only occurs in ferromagnetic 






Treating compounds 43-45 as monomeric species (right-hand side of Figure 
2.12 and Table 2.4), all three compounds give room-temperature χMT values that 
correspond roughly with four (Fe2+), three (Co2+), and two (Ni2+) unpaired 
electrons, respectively. As the temperature is decreased, all three compounds 
show decreasing χMT values that trend toward 0 emuKmol-1. For the putative half-
integer spin system expected for the Co-containing compound, this result only 
makes sense if antiferromagnetic coupling is operative. Treating the compounds 
as “dimeric” {MPt}…{PtM} entities (Figure 2.13 and Table 2.4) gives temperature-
dependent magnetic susceptibility behavior consistent with previous 
measurements, and is also consistent with the Pt…Pt contacts and staggered 
conformations of the {MPt} lantern dimers as discussed in Chapter 1 and the 






 Interestingly, a comparison of room-temperature solid-state and solution 
magnetic data (Table 2.3) suggests that the Fe- and Co-containing compounds 
behave as monomers in solution, while the Ni analogue behaves more like a dimer. 
 
Figure 2.13. Temperature dependence of magnetic susceptibility-temperature 
products for solid state samples of 43-45, collected at 10 kOe. Each compound 
was treated as a dimeric {PtM}2 species. Solid lines designate best fits with 





Measured susceptibility values support designations of high spin Fe(II) (S = 2), 
high spin Co(II) (S = 3/2) and high spin Ni(II) (S = 1) species. 
 
Table 2.3. Solution and Room-Temperature Solid-State (300 K, 10 kOe) Effective 
Magnetic Moment Values 




 Monomer Dimer 
[PtFe(SAc)4(pySMe] 43 5.45 5.01 7.30 
[PtCo(SAc)4(pySMe] 44 5.24 4.91 6.76 
[PtNi(SAc)4(pySMe] 45 3.82 2.91 3.97 
 
 In order to gain more insight into possible magnetic interactions between 
lantern species, temperature dependent magnetic property curves were fit using 
PHI,70 the best fit parameters are presented in Table 2.4. The isotropic g value is 
the dimensionless quantity that characterizes the magnetic moment of an atom or 
molecule with unpaired electronic spin, nearing 2.0023 for a single electron in 





the energy of the antiferromagnetic coupling, and zJ is the 'mean field' magnetic 
interaction as the product of z, the number of nearest neighbors, and J, the non-
directional interaction energy. The residual sum squared (f) value indicates the 
deviation of the model from the empirical data (i.e. a lower value displays less 
deviation), allowing for a direct comparison of the validity of different models. 
Temperature independent paramagnetism (TIP), attributed to the influence of the 
heavy Pt(II) ion, has been included in our analysis.  The values D and E are the 
axial and rhombohedral zero-field splitting parameters respectively. 
Compounds 43-45 were modeled as dimers and are denoted as 432, 442, 
and 452. As previously shown, for face-to-face {MPt} units with the staggered 
conformation, antiferromagnetic coupling between the two {PtM} centers leads to 
S = 0 ground states.29, 39 Qualitatively, we note that the downturn in χMT values 
corresponds to the M(3d)…M(3d) distances determined from crystallographic data, 
in which longer distances lead to a lower temperature for decrease in χMT, 










Table 2.4. Results of fits of magnetic susceptibility for 43-45 utilizing PHI  
 432 442 452 
giso 2.05* 2.61 2.18 
J (cm-1) -6.7 -8.8 -30.7 
TIP (×10−6 emu K mol−1) 670 1000* 280 
zJ (cm−1) 2.41 -0.08 0.016 
Paramagnetic Impurity (%) 6.2 
(S = 2) 
4.5* 
(S = 3/2) 
0.5* 
(S = 1) 
fa 0.50216 0.15405 0.00038 





 For compound 45, the magnetic susceptibility data model best fits as two 
[PtNi(SAc)4(pySMe)] molecules antiferromagnetically coupling as a dimer with 
negligible coupling between those dimers (which would have four Ni centers), as 
models of 45 as a monomer utilizing anisotropy parameters D and E generate a 
much higher sum of residuals squared values (f in Table 2.4). Truncations of the 
data at various temperatures based on features observed in the χM vs T plot 
(Figure 2.14) produce very little change in both the coupling constant and fit quality 
(Table 2.5). These interactions are on the same order of magnitude as previously 
reported {PtNi} dimers.29, 39 The small Curie tail, which indicates a paramagnetic 
impurity mixed in with the compound that has a singlet ground state, at T < 10 K is 
 
Figure 2.14. Temperature dependence of magnetic susceptibility for 452, 





modeled with a 0.5% paramagnetic impurity, producing negligible changes to the 
fits.  
 
Table 2.5. Results of fits for [PtNi(SAc)4(pySMe)] (45) utilizing PHI (best fit 
highlighted in green) 
 45 452 452 452 
(T > 10 K) 
452 
(T > 90 K) 
452 
(T > 110 K) 
giso 2.41 2.16 2.18 2.16 2.18 2.17 
J (cm-1)  -30.37 -30.68 -30.38 -30.67 -30.44 
D (cm-1) 338      
E (cm-1) -0.188      
TIP (×10−6 emu K 
mol−1) 
-764 360 282 351 240 288 
zJ (cm−1) 0.0081 0.0052 0.016 -0.0097 -0.0022 -0.0026 
S = 1 Impurity (%)   0.5*    
f 0.11 0.00079 0.00038 0.00066 0.00011 0.00009 
*Value was held constant 
 
 For compound 44, the temperature dependence of the solid-state magnetic 
susceptibility data also models best as a dimer. Unlike Ni-containing 45, the fit 
parameters were somewhat more sensitive to the choice of truncation temperature 
(Table 2.6), likely due to inherent complexity of the electronic structure (ZFS 





temperature data upon constraining temperature-independent paramagnetism 
(TIP) to 1000 × 10−6 emu K mol−1. This value was chosen as previous {PtM} dimers 
exhibit large TIP.29, 39 The coupling between two {CoPt} lanterns in 44 is 
approximately -9 cm-1, only about one third of the strength of the coupling found in 
compound 45. Like the Ni-containing analogue, there is little coupling between 
dimers.  Previously studied {PtM} lantern complexes also show larger coupling 
constants between Ni versus Co.51   
 
Table 2.6. Results of fits for [PtCo(SAc)4(pySMe)] (44) utilizing PHI (best fit 
highlighted in green) 
 442 442 442 
(T > 6 K) 
442 
(T > 32 K) 
442 
(T > 50 K) 
giso 2.58 2.61 2.59 2.53 2.61 
J (cm-1) -8.10 -8.81 -8.12 -8.60 -9.45 
TIP (×10−6 emu K mol−1) 1000* 1000* 1000* 1235 246 
zJ (cm−1) -0.33 -0.078 -0.32 0.0044 0.018 
S = 3/2 Impurity (%)  4.5*    
f 0.17 0.15 0.14 0.13 0.043 







 For consistency with the treatment of the other compounds, we fit magnetic 
susceptibility data for the Fe-containing compound 43 as a dimer. Non-linear 
behavior in the M vs H plot at low H (Figure 2.12a) suggests that a small amount 
of ferromagnetic impurity is present (most likely from Fe spatulas) in the sample 
which complicates the data analysis. Additionally, the field dependence of 
magnetization χM vs T plot (Figure 2.15) shows several discontinuities at low 
temperature, possibly related to paramagnetic impurities or long-range ordering. 
Either scenario further complicates fits based solely on magnetic exchange within 
 
 
Figure 2.15. Field dependence of magnetization of [PtFe(SAc)4(pySMe)]2 (432) 
Fit: y = 1.07 × 10-2 (x) – 1.45 × 10-3 ; b) Temperature dependence of magnetic 





the dimer. Fits without constraints yield nonsensical values (e.g., giso < 2, negative 
TIP values, S = 2 impurity greater than 10%), and thus require several values to 
be constrained (Table 2.7). Thus, fit values for this compound should be 
considered as qualitative rather than quantitative. Comparing 43 to 44, the best fit 
intra-dimer coupling values are similar in magnitude, and much smaller than that 
found for Ni-containing 45. Interestingly, the inter-dimer mean field coupling (zJ) is 
an order of magnitude larger for 43 than 44, suggesting a competition between 
{FePt}…{PtFe} dimer exchange and antiferromagnetic coupling or even ordering in 
the bulk sample. 
 
Table 2.7. Results of fits for [PtFe(SAc)4(pySMe)] (43) utilizing PHI (best fit 
highlighted in green) 
 432 432 432 432 
(T > 22 
K) 
432 
(T > 22 
K) 
432 
(T > 40 
K) 
432 
(T > 65 
K) 
giso 1.59 2.00* 2.05* 2.00* 2.05* 2.00* 2.00* 
J (cm-1) -7.03 -6.79 -6.69 -6.09 -6.37 -6.41 -6.61 
TIP (×10−6 
emu K mol−1) 
274 1304 668 1000* 1000* 1000* 1000* 
zJ (cm−1) 3.41840 2.6817 2.41020 2.7235 2.37237 2.4313 2.5173 
S = 2 
Impurity (%) 
7.59 6.6 6.2 0.0 0.0 1.5* 1.5* 
f 0.42607 0.46437 0.50216 0.17379 0.17379 0.00503 0.01913 







A new series of heterobimetallic lantern complexes axially bound with para-
pySMe has been synthesized and characterized with M = Mn (42), Fe (43), Co 
(44), Ni (45), and Zn (46).  Two additions to the previously published lantern series, 
[PtM(SAc)4(pyNH2)], Mn (47) and Fe (48) analogs, were prepared by another 
group member and are included here for comparison. The new Mn-containing 
lanterns, 42 (L = pySMe) and 47 (L = pyNH2), are the first examples of an 
electrostatically neutral lantern compounds containing both Pt and Mn.  
The Fe-containing complexes 43 and 48, as well as our previously published 
[PtFe(tba)4(OH2)],29 are the only examples of a lantern structure containing both 
Pt and Fe. Compounds 43 and 48 are the first examples with the thioacetate 
backbone. Our published Fe lantern complexes are the only examples of 
paramagnetic Fe–containing heterobimetallic lantern species. The paramagnetism 
as well as control over the axially bound ligand can be exploited to form 1D arrays 
with both interesting electronic and magnetic properties, both of which are currently 
being explored by our group. 
New pySMe ligated lantern complexes were also synthesized with M = Co (44), 
Ni (45), and Zn (46). Comparison to our previously published structures for the 
same 3d elements, has shown that 42-45 all have generally comparable electronic, 
structural, and magnetic properties. The pseudo-octahedral geometry and 





spin-only µeff values for all of our late-metal complexes, however, a slight lowering 
of the susceptibility is observed for pyNH2 ligated 48 (Fe), but is still within range 
for a high spin pseudo-octahedral oxygen ligated Fe(II). 
A very interesting pair of dimers were observed in the unit cells of 43, 44, and 
45. In each case, one of the two dimers displays Pt…Pt metallophilic interactions 
within the normal distance range while the other exhibits much longer metallophilic 
distances. Thus far these exceptionally long metallophilic contacts have only been 
observed when L = pySMe. Nevertheless, the variable temperature magnetic 
susceptibility data of 43 - 45 indicate antiferromagnetic coupling across these 
Pt…Pt contacts.  The coupling magnitudes in 44 and 45 are decreased compared 
to Co- and Ni-containing lantern complexes previously measured with shorter 
Pt…Pt contacts, also consistent with antiferromagnetic coupling across the 
metallophilic interaction.  This measurement of 43 is the first time this phenomenon 
has been observed in a {PtFe} member of this family.  
 While the presence of long metallophilic contacts when L = pySMe are 
intriguing, the solid-state structural differences among these metallophilic dimers 
are likely to be influenced by several factors, whose relative influence is difficult to 
quantify. To determine the steric contributions of this the carboxylate, the 
thiobenzoate derivatives have been synthesized and are under evaluation,85 and 
the relative Lewis acidity of the Pt(II) center is explored in Chapter 4 with a new 





formation of dimers is being studied in the synthesis of lanterns with electron 
withdrawing CF3 substituted thiobenzoate backbones. As shown in the 
dithiocarboxylates previously reported, the solvent polarity and ionic nature can 
lead to very different crystal packing, requiring an in-depth study of crystallization 
solvent in each individual lantern to determine the effect on our observed dimer 
categorization. Furthermore, the electronic conductivities of the individual lantern 










Table 2.8. Summary of crystal data collection and refinement parameters of 42-
46. 

















675.63 697.77 2803.41 2802.53 686.06 
Crystal 
system 
Triclinic Triclinic Triclinic Triclinic Triclinic 
Space 
group 
P-1 P-1 P-1 P-1 P-1 
a, Å 8.4054(5) 12.5024(6) 12.5866(13) 12.6299(2) 8.3642(4) 
b, Å 11.7329(7) 17.4077(9) 17.4066(18) 17.2902(3) 11.6614(6) 
c, Å 12.0908(8) 21.7749(10) 21.654(2) 21.4156(4) 12.0830(6) 
α, deg 108.8390(1
0) 
96.4000(10) 96.158(3) 96.1550(10) 110.854(2) 









4430.9(4) 4437.8(8) 4373.00(13) 1038.46(9) 
Z 2 8 2 2 2 
ρ(calcd), 
g/cm3 





7.513 7.596 7.811 8.405 
μ(Cu Kα),  
mm-1 
N/A N/A N/A N/A N/A 
temp, K 100.0 100.0 100.0 100.0 100.0 
R(F), %a 1.85 3.28 5.82 2.70 1.74 








CHAPTER 3: Heterotrimetallic {LnOVPt} complexes with Antiferromagnetic 




 Rare earth elements have become integral in both the electronics and 
energy industries. The luminescence properties of these complexes has been 
used in LCD technology,86-87 their intrinsic magnetic anisotropy has led to a surge 
in the fields of molecular magnets and electronics,7, 88 and their utility in nuclear 
energy has already been well exploited.89-92 Despite the multitude of uses for 
lanthanide-containing complexes, there is still much unknown about the 
fundamental bonding associated with f-orbitals and the resultant complexes’ 
structure-property relationships. Initial spectroscopic studies of Ln complexes in 
the early 20th century show spectral shifts in the range of only 10-20 cm-1 with 
ligand changes, indicating very little-to-no involvement of the f-orbitals in 
complexation and leading to the subsequent classification of Ln-ligand bonds as 
ionic in nature.93-94 However, in 1986 covalent bonding within 5f orbitals was 
famously illustrated by the coordination of carbon monoxide (CO) to 
Uranium(III).95-96 Since this discovery, the level of f-orbital participation in bonding 
has been shown to differ between the 5f and 4f metals, with greater f-orbital 
involvement in 5f actinide (An) complexes, despite having similar ionic radii to the 





covalent bonding, there has been an ever increasing body of work on the synthetic 
and theoretical study of covalency in Ln complexes.98-100 Much of this effort has 
been centered around the goal of radioactive waste removal from water sources. 
Trisaryl phosphineoxides (OPAr3) have proven to be of great use in this pursuit. 
The binding of various OPAr3 derivatives to both Ln and An complexes allows their 
precipitation from water, however the subsequent separation of Ln-containing 
complexes from An ones has proven difficult due to their similar chemical 
properties.101 
Due to the inherent magnetic anisotropy of Ln(III) ions, a large area of 
research has been dedicated to the study of single molecule magnets (SMMs) for 
application in clean energy technologies such as high density information storage 
and quantum computing.102-107 SMM behavior was first observed in a 
dodecametallic manganese-acetate cage (Mn12Ac) which maintains its 
magnetization for long periods of time in the absence of a magnetic field at liquid 
helium temperatures,50 leading to the discovery of a large family of Mn-containing 
SMMs. Two factors are used to measure the utility of a given SMM: 1) the blocking 
temperature (TB) which describes the highest temperature at which magnetic 
hysteresis is maintained, and 2) the anisotropy barrier (Ueff) which describes the 
energy barrier to the reversal of magnetization. While the first examples of SMMs 
were concentrated on complexes of d-block metals, lanthanide and actinide based 





shown to promote generally slower magnetic relaxation and higher temperature 
barriers to the spin flip.7 In 2017, the greatest temperature barrier achieved to date 
was a dysprosocenium complex , [(C5H2tBu3-1,2,4)2Dy][B(C6F5)4], discovered by 
Mills and colleagues with a blocking temperature of 60K, the first time SMM 
behavior had been observed near liquid nitrogen temperatures.108 In 2018, the 
synthesis of an asymmetric dysprosocenium complex, [(C5Me5)(C5(iPr)5)Dy][BH4], 
with two different cyclopentadienyl ligands set the new record blocking 
temperature of 80K.109  
In an effort to further increase the magnetic anisotropy of Ln-containing 
SMMs, research has focused on the coupling of d-block metals to Ln complexes. 
The careful design of mixed metal d- and f-block-containing complexes has been 
achieved with examples including an unsupported Nd-Fe bond by Arnold and co-
workers110, [Nd(L′)(N″)(I)]2 [L′ = ButNCH2CH2{C(NCSiMe3CHNBut)}; N″ = 
N(SiMe3)2], as well both ferro- and antiferromagnetic coupling observed in a 
versatile vanadyl-Gd coupled complex, ([M(L)(C3H6O)Ln(NO3)3] (Ln = Gd, Tb, Dy, 
Ho, Er; M = Cu, VO; L = N,N’-bis(3-methoxysalicylidene)-1,3-diamino-2,2-
dimethylpropane), by Ishida and co-workers111. While there have been successful 
examples of complexes containing both d- and f-block metals to date, most are 
either coordination polymers and clusters112-113 or molecular complexes with high 
coordinate (coordination number = 7-10) Ln centers,88, 114-115 due to the large ionic 





SMMs, discrete, low-coordinate complexes are desirable for their better isolated 
magnetic centers which allow for slower magnetic relaxation.88, 116 While there are 
examples of SMM behavior in clusters with multiple d- and f-block metals,117-119 
there are far fewer examples of low coordinate Ln complexes coupled to a single 
transition metal.118, 120-121 
 Due to the oxophilicity of Ln ions, monodentate O-donor ligands are the 
most common ligand type used in the synthesis of low coordinate species. One of 
the earliest122 and most common monodentate O-donor ligands studied in Ln 
coordination complexes are the previously discussed aryl phosphine oxides 
(OPAr3), particularly OPPh3,123 due to both the facile synthesis of Ln-OPAr3 
complexes and the ligand compatibility with multiple oxidation states.124-127 While 
monodentate ligands have become more common in the synthesis of Ln 
complexes, the formation of low coordinate species is still difficult and requires 
bulkier ligands such as substituted aryloxides, siloxides, and amides.128 However, 
it is possible that with careful choice of ligand and preparation conditions, low 
coordinate Ln complexes, e.g. LnXn with n = 3, can be isolated and their properties 
studied.116, 129 
 Recent focus has been on a bottoms-up approach to the rational design of 
SMMs, through structural and magnetic studies. Reviews of magnetism in mixed-
metal complexes consistently show no coupling in trinuclear LnM2 complexes with 





arrangement.102 The importance of ligand geometry has been further illustrated by 
Rinehart and Long’s work demonstrating that the different Ln ion f-orbital electron 
distribution shapes can be better stabilized by either greater equatorial or axial 
ligand contribution, promoting highly anisotropic ground states.130 This approach 
is exemplified in the magnetic coupling of dinuclear Tb(III)-Cu(II) complexes with 
O-donor ligands, which can be tuned through ligand charge as well as the greater 
axial vs equatorial ligand contribution.102  
 In the present work, we set out to explore the bonding of low coordinate 
lanthanide complexes to a vanadyl unit in an effort to study the magnetic coupling 
between d- and f-block metals and potential SMM behavior. Our group has 
previously synthesized a large variety of lantern complexes of the basic formula 
[PtM(SOCR)4(L)] (M = Mg, Ca, Cr, Mn, Fe, Co, Ni, Zn; R = CH3 (SAc), Ph (tba); L 
= substituted pyridines and donating solvents) as discussed in Chapter 1,28, 52 in 
which antiferromagnetic coupling of the 3d metals has been consistently observed 
in the solid state between staggered dimers through a metallophilic interaction.28 
While the late transition metals have been well studied in these systems, examples 
with early transition metals are lacking. The vanadyl, or oxovanadium(IV), {V=O}2+ 
ion is perhaps most known for its stability131 and the O atom has been shown to 
act as a Lewis base and coordinate additional metal centers.132-134 The vanadium-
containing lanterns [PtVO(SAc)4] and [PtVO(tba)4] were therefore synthesized and 





Chapter 1, the new {V=O} containing complexes form dimers in the solid state that 
do not persist in solution. 
 We hypothesized that the Lewis basicity of the {V=O} unit, would allow for 
linear arrangement of the vanadyl to Ln, which as previously discussed is required 
for magnetic coupling in trinuclear mixed metal complexes. The only reported 
example of a vanadyl oxo forming a [Ln-O=V] unit is in in the chiral visible-light 
photocatalyst cluster, (nBu4N)2[(Ce(DMSO)3)2VIVVV11O33Cl] • 2DMSO, but 
magnetic behavior was not explored.136 Similarly, among complexes with transition 
metals bound to lanthanides through an oxygen bridge, the majority are of 
polyoxometalates (M = Mo, W, Re) bound through a bis-μ-oxo, 137-140 further 
exemplifying the difficulty in isolating low coordinate discrete Ln complexes. The 
limited literature examples in which magnetic studies of Ln-V coupled in complexes 
through μ-oxo bridges were performed include both ferro- and antiferromagnetic 
 





coupling.111, 137-138, 141 As seen in Figure 3.1., the {V=O} lantern can uniquely favor 
an anisotropic environment with the favored linear metal arrangement and prevent 




3.2.1. Materials and Methods 
 
The starting complexes Ln(ODtbp)3 (Ln = Ce, Nd; ODtbp = 2,6-
ditertbutylphenolate) were prepared by previously reported methods.142-143 
Potassium tetrachloroplatinate (K2PtCl4) was prepared by the same method as 
previously published and discussed in Chapter 2.67, 144-145 All other reagents were 
obtained commercially and used without further purification.  Elemental analyses 
were performed by Atlantic Microlab Inc. (Norcross, GA). UV-vis-NIR spectra were 
measured with a Shimadzu UV-3600 spectrometer. 1H-NMR spectral 
measurements were recorded on a Bruker 500 MHz spectrometer (49-52 at 
University of Edinburgh), solutions were prepared with C6D6.  IR spectra were 







3.2.3. Synthetic Procedures 
 
 [Ce(ODtbp)3{PtVO(SAc)4}] (49). In a N2(g) filled glovebox, Ce(ODtbp)3 
(78.0 mg, 0.103 mmol) was dissolved in 2mL of toluene forming a yellow/green 
solution. [PtVO(SAc)4]135 (58.0 mg, 0.102 mmol) was then added as a solid. As the 
[PtVO(SAc)4] dissolves, there is a color change to a dark red/brown, translucent 
solution. After stirring for 24 h at room temperature, the [PtVO(SAc)4] was fully 
dissolved and the solution was a homogenous dark red/brown color with no 
precipitate formation. The reaction mixture was directly crystallized through slow 
diffusion of hexamethyldisiloxane (HMDSO) into the toluene reaction mixture at 
room temperate to obtain analytically pure red crystals of the composition 
[Ce(ODtbp)3{PtVO(SAc)4}] . tol . HMDSO. Recrystallized yield: 79.6%. Anal. Calc’d. 
for C50H75CeO8PtS4V: C, 45.55; H, 5.73; N, 0%. Found: C, 45.39; H, 5.85; N, 0%. 
1H NMR (δ, ppm {C6D6}): 19.4 (s, br, 12H, SAc), 10.5 (d, 6H, meta-ODtbp), 9.28 
(t, 3H, para-ODtbp), -1.73 (s, br, 54H, tBu). UV–vis–NIR (C7H8) (λmax, nm (εM, 
cm−1M−1)): 304(30,900), 427(1930), 759 sh(59.6), 904 sh(27.3).  IR (cm-1): 
2955(br) m, 1533 m, 1403 s, 1240 s, 1160 m, 1093 w, 1000 w, 912 s, 856 s, 818 
m.  
 [Ce(ODtbp)3{PtVO(tba)4}] (50). Compound 50 was prepared by the same 
procedure as 49, with a toluene solution of Ce(ODtbp)3 (96.5 mg, 0.128 mmol) to 
which [PtVO(tba)4] (103.4 mg, 0.128 mmol) was added as a solid. Red crystals of 





yield: 73.5%. Anal. Calc’d. for C70H83CeO8PtS4V: C, 53.66; H, 5.34; N, 0%. Found: 
C, 53.34; H, 5.15; N, 0%. 1H NMR (δ, ppm {C6D6): 10.4 (d, 6H, meta-ODtbp), 9.27 
(t, 3H, para-ODtbp), 8.03 (s, 8H, ortho-tba), 4.73 (s, br, 8H, meta-tba), 3.78 (s, br, 
4H, para-tba), -1.92 (s, br, 54H, tBu). UV–vis–NIR (C7H8) (λmax, nm (εM, 
cm−1M−1)): 317(147,000), 429(1370), 460(1020). IR (cm-1): 2955(br) m, 1502 m, 
1405 s, 1233 s, 1175 s, 1096 w, 963 s, 911 s, 858 s, 818 m. 
 [Nd(ODtbp)3{PtVO(SAc)4}] (51). Compound 51 was prepared by the same 
procedure as 49, with a toluene solution of Nd(ODtbp)3 (91.7 mg, 0.121 mmol) to 
which [PtVO(SAc)4] (68 mg, 0.121 mmol) was added as a solid. Red crystals of 
the composition [Nd(ODtbp)3{PtVO(SAc)4}] were collected. Recrystallized yield: 
84.5%. Anal. Calc’d. for C50H75NdO8PtS4V: C, 45.41; H, 5.72; N, 0%. Found: C, 
45.28; H, 5.75; N, 0%. 1H NMR (δ, ppm {C6D6): 18.1 (s, br, 12H, SAc), 14.5 (d, 6H, 
meta-ODtbp), 11.5 (t, 3H, para-ODtbp), -1.68 (s, br, 54H, tBu). UV–vis–NIR (C7H8) 
(λmax, nm (εM, cm−1M−1)): 304(23,800), 402(1520), 426(1600), 580(300), 
591(267). IR (cm-1): 2954(br) m, 1532 m, 1403 s, 1240 s, 1159 s, 1098 w, 996 w, 
912 s, 858 s, 818 m.  
 [Nd(ODtbp)3{PtVO(tba)4}] (52). Compound 52 was prepared by the same 
procedure as 49, with a toluene solution of Nd(ODtbp)3 (74.0 mg, 0.098 mmol) to 
which [PtVO(tba)4] (79.1 mg, 0.098 mmol) was added as a solid. Red crystals of 
the composition [Nd(ODtbp)3{PtVO(tba)4}] . 2 tol were collected. Recrystallized 





C, 53.41; H, 5.47; N, 0%. 1H NMR (δ, ppm {C6D6): 14.3 (d, 6H, meta-ODtbp), 11.3 
(t, 3H, para-ODtbp), 8.67 (s, 8H, ortho-tba), 4.15 (s, br, 12H, meta and ortho-tba), 
-1.78 (s, br, 54H, tBu). UV–vis–NIR (C7H8) (λmax, nm (εM, cm−1M−1)): 
317(122,000), 430(1250), 462(972), 581(210), 592(202). IR (cm-1): 2954(br) m, 
1595 w, 1500 m, 1403 s, 1219 s, 1175 s, 1098 w, 963 s, 909 s, 859 s, 818 m. 
 
3.2.4. X-ray Crystallography 
 
 X-ray crystallography Data collection, solution, and refinement were 
performed by Prof. Arnold Rheingold at the University of California-San Diego on 
52. X-ray collection parameters are collected in Table 3.3. A suitable crystal of 52 
was selected and the data were collected on a Bruker APEX-II CCD diffractometer. 
The crystal was kept at 100 K during data collection. Using Olex2,146 the structure 
was solved with the XT147 structure solution program using Direct Methods and 
refined with the XL148 refinement package using Least Squares minimization.  X-
ray data refinement was performed by Dr. Jeffrey Bacon at Boston University on 
data collected and solved at the University of Edinburgh for 49-51. Suitable crystals 
of 49-51 were selected and data were collected on a Xcalibur Eos single crystal x-
ray diffractometer with Mo Κα radiation at 170(2) K. Structures 49-51 were solved 
using SHELXT and least squares refinement using SHELXL in Olex2.147 





Oxford Diffraction, 2015) or 1.171.37.34 (Agilent Technologies, 2014) software. 
Unless otherwise stated, all non-hydrogen atoms refined with anisotropic 
displacement parameters and hydrogen atoms were placed and refined using a 
riding model. 
 
3.2.5. Magnetic Measurements 
 
Magnetic susceptibility measurements of complexes 49-52 were collected 
using a Quantum Design SQUID magnetometer at the University of Copenhagen 
by Prof. Mauro Perfetti. The air sensitive samples were obtained as sealed glass 
vials, opened and handled in an oxygen- and water-free glovebox. A small amount 
of ground powder of each complex (15-50 mg) was pressed inside Teflon tape bag 
that was then inserted in drinking straws. The compounds were taken outside the 
glovebox under liquid nitrogen and immediately inserted in the He atmosphere of 
the instrument. The magnetic data were collected and corrected for any magnetic 
impurity by measuring a magnetization curve at room temperature. The 
diamagnetism of the Teflon tape and of the organic backbone was corrected by 





3.3. Results and Discussion 
 
3.3.1. Synthesis and Structure 
 
 In the preparation of these new Ln-containing trimetallic complexes, 
[Ln(ODtbp)3{PtVO(SOCR)4}], careful choice of reaction conditions is required to 
prevent solvent or trace water from out competing the binding of the {V=O} group 
in solution. The preparation of lanthanide tris-aryloxide complexes, particularly the 
2,6-ditertbutylphenolate derivatives (Ln(ODtbp)3 where Ln=Ce, Nd), has already 
been explored in the literature and these compounds have served as useful low 
coordinate starting materials for this study due to the availability of an additional 
coordination site.128, 142-143 Both starting lanterns, [PtVO(SAc)4] and [PtVO(tba)4], 
are soluble in the non-coordinating solvent toluene, allowing for removal of any 
competing Lewis basic sources in their subsequent complexation with Ln(DBP)3. 
When green crystals of either [PtVO(SAc)4] or [PtVO(tba)4] and toluene solutions 
of yellow Ce(ODtbp)3 or blue Nd(ODtbp)3 are mixed, an immediate color change 
to a dark brown-red solution is observed in all cases. The solution mixture is stirred 
for 24 hours to ensure complete dissolution of the lantern. Analytically pure, X-ray 
quality single crystalline material was grown from the reaction mixture via slow 
diffusion of HMDSO into toluene or layering of toluene with pentane at -30oC and 
isolated in high yields (~80%). Structural characterization of the collected dark red 





the Ln(ODtbp)3 complexes giving [Ce(ODtbp)3{PtVO(SAc)4}] (49) (Figure 3.2), 
[Ce(ODtbp)3{PtVO(tba)4}] (50) (Figure 3.3), [Nd(ODtbp)3{PtVO(SAc)4}] (51) 
(Figure 3.4), and [Nd(ODtbp)3{PtVO(tba)4}] (52) (Figure 3.5). Complexes 49-52 
all feature coordination of the lantern to the lanthanide center through the vanadyl 




Figure 3.2. ORTEP of [Ce(ODtbp)3{PtVO(SAc)4}] (49). Ellipsoids shown at the 








Figure 3.3. ORTEP of [Ce(ODtbp)3{PtVO(tba)4}] (50). Top: two independent 
molecules shown with lattice toluene, H atoms excluded for clarity, ellipsoids 
shown at the 50% level. Bottom: Molecule 50a shown, H atoms and solvent 







Figure 3.4. ORTEP of [Nd(ODtbp)3{PtVO(SAc)4}] (51), H atoms excluded for 








Figure 3.5: ORTEP of 52. Top: two independent molecules shown with lattice 
toluene, ellipsoids shown at the 50% level, hydrogen atoms excluded for clarity. 
Bottom: Molecule 52a shown, hydrogen atoms and solvent molecules excluded 





Important metrical data can be seen in Table 3.1. To explore the change in 
lantern structure upon complexation, compounds 49-52 were compared to their 
unbound analogues, [PtVO(SAc)4] and [PtVO(tba)4]. As described previously, both 
unbound lanterns form dimers in the solid state that do not persist in solution. In 
SAc complexes 49 and 51,  a slight increase in {V=O} bond distance from 
1.592(2)Å to 1.630(3)Å and 1.625(5)Å accompanied by a decrease in {Pt-V} 
distance from 2.8635(6)Å to 2.768(1)Å and 2.762(1)Å respectively, is observed 
while maintaining a relatively linear Pt-VO angle. Furthermore, the thioacetate 
backbone O-V-Pt-S torsion about the metal axis is drastically decreased in 49 from 
15.2o to 5.8o while the torsion is unchanged in 51 at 15.4o. 
In tba complexes 50 and 52, there are two independent molecules in the 
asymmetric unit, denoted as 50a/b and 52a/b. When comparing 50 and 52 to 
unbound [PtVO(tba)4], the same trend of increase in {V=O} distance from 
1.581(4)Å to 1.682(3) (50a), 1.616(3) (50b), 1.629(2) (52a), and 1.630(2) (52b) is 
observed with a less drastic decreasing of the {Pt-V} bond. Like 49 and 51, the 
thiocarboxylate torsion about the metals is changed upon complexation with 
[PtVO(tba)4].  In comparison of the independent molecules within 50 and 52, the 
O-V-Pt-S torsion average is smaller in 50a (4.35o) vs 50b (18.7o) and slightly 
smaller in the case of 52b (15.6o) vs 52a (19.3o). The smaller O-V-Pt-S torsion 





unbound [PtVO(tba)4] (20.65o). In all other aspects, differences in the lantern 






Table 3.1. Select Bond distances (Å) and angles (o) for [PtVO(SAc)4], [PtVO(tba)4], and 49-52. 
Compound Pt-V (Å) V-O (Å) Pt-VO (o) 
O-V-Pt-S 
torsion (avg) 
Ln-O6 (Å) Ln-O7 (Å) Ln-O8 (Å) Ln-OV (Å) Ln-OV (o) 
[PtVO(SAc)4] 2.8635(6) 1.592(2) 179.7(1) 15.19 N/A N/A N/A N/A N/A 
[PtVO(tba)4] 2.782(1) 1.581(4) 179.8(1) 20.65 N/A N/A N/A N/A N/A 
49 2.768(1) 1.630(3) 178.6(1) 5.8 2.182(4) 2.220(4) 2.205(4) 2.455(4) 163.7(2) 
50a 2.7878(9) 1.682(3) 179.0(1) 4.35 2.171(4) 2.212(4) 2.216(3) 2.525(3) 174.4(2) 
50b 2.7653(9) 1.616(3) 179.4(1) 18.7 2.173(4) 2.218(3) 2.212(4) 2.531(3) 175.8(2) 
51 2.762(1) 1.625(5) 176.7(2) 15.4 2.175(5) 2.164(5) 2.170(4) 2.438(5) 164.8(3) 
52a 2.7604(6) 1.629(2) 179.37(9) 19.3 2.141(3) 2.185(2) 2.177(3) 2.470(2) 174.2(1) 









 The metrical parameters of greatest interest are the Ln-O distances. 
Work by Rinehart and Long  on the design of  f-element single molecule 
magnets showed the importance of the Ln ion electron distribution shape.130 
The 4f1-4f3 and 4f8-4f10 ions are oblate in shape, with the majority of the 
density along the equator, while 4f4-45 and 4f11-4f13 ions are prolate with 
more axially concentrated electron density, based on the highest projection 
of the total angular momentum (Figure 3.6.). Rinehart and Long describe 
how certain types of ligand environments are able to stabilize the various 
electron distributions, leading to improved coupling of the ligand with the 
Ln(III) ion. In particular, strong axial-type ligand donation is better able to 
stabilize the oblate ions that have greater equatorial electron distribution. 
Similarly, strong equatorial-type ligand contribution stabilizes the axial 
electron distribution of prolate ions. In fact, many of the SMMs to date with 
the highest energy barriers contain oblate ions with strong axial ligand 
contribution, as exemplified in the sandwich complexes Tb(III) 
phthalocyanine complex149 with Δ = 422cm-1 and dinuclear Dy-Zn 
[DyZn(C29H33Br(NO3)10] with both nitrate and Schiff-base ligands with Δ = 
234cm-1.150 In fact, the current SMM with the highest blocking temperature 
of 80K [(C5Me5)(C5(iPr)5)Dy][BH4], which also has the largest Δ of 1541cm-1 is 
a sandwich complex of Dy(III).109 In cases with both equatorial and axial-type 
ligands, the strength of ligand stabilization is correlated with bond length, 





When looking at the Ln-O distances of pseudo-tetrahedral 49-52, in all cases 
the axial-type Ln-Olantern distances are the longest (2.44 – 2.53 Å) while the 
equatorial-type Ln-ODBP lengths are shortest (2.14 – 2.22 Å) (see Table 
3.1.). Due to both Ce(III) and Nd(III) being oblate in shape, this structural 
analysis suggests that the crystal field about the Ln promoted by the 
[PtVO(SOCR)4] ligand will not be able to effectively stabilize the 4f electron 
distribution within 49-52 and will therefore result in limited coupling between 
the two units. 
 
While analysis via the method described by Rinehart and Long 
suggest a lack of magnetic coupling in 49-52, it is also important to consider 
the metal alignment within these systems. As mentioned in the Introduction 
 
Figure 3.6. Oblate (4f1-4f3, 4f8-4f10) vs prolate (4f4-45, 4f11-4f13) electron 





to this work, in trimetallic 3d-4f complexes, magnetic interaction is greater 
through a linear metal arrangement.102 Under these considerations, the Ln-
TM-TM linear arrangement in 49-52 still have potential for magnetic behavior 
that should be explored. 
 
  
3.3.2. Electronic Spectroscopy 
 
In order to further investigate the V-O-Ln bonding in these complexes, IR 
spectroscopic studies were performed. Vanadyl {V=O} bond stretches have been 
characterized via IR spectroscopy,151-153  and are reported154 to occur in the range 
of 900-1050 cm-1. The {V=O} stretching frequencies of unbound [PtVO(SAc)4] and 
[PtVO(tba)4] are 983 cm-1 and 953 cm-1 respectively, as seen in Figure 3.7. The 
{V=O} stretch shifts in both SAc and tba-containing complexes 49-52 to 911cm-1 
(Figures 3.8. and 3.9.), consistent with the weakening of the V-O bonding 











Figure 3.7. IR spectra of [PtVO(SAc)4] (green) and [PtVO(tba)4] (orange), 








Figure 3.8. IR spectra comparison of [PtVO(tba)4] (orange), 50 (purple), and 52 









Figure 3.9. IR spectra comparison of [PtVO(SAc)4] (green), 49 (blue), and 51 





UV-vis spectra of complexes with both d- and f-block metal centers are 
complicated by the intensity of both parity forbidden f-f and allowed f-d transitions 
in the UV-vis region of the spectrum, which can overlap with the very weak d-d 
transitions.155-156 Unbound [PtVO(SAc)4] and [PtVO(tba)4] both display the 
expected LMCT and d-d transitions for our heterobimetallic lantern complexes, as 
discussed in Chapter 1. The d-d transitions in Nd(III)-containing 51 are blue shifted 
to 580nm and 593nm from 607nm and 712nm in unbound [PtVO(SAc)4] (Figure 
3.10.). Similarly, Nd(III)-containing 52 has blue shifted d-d transitions to 583nm 
and 595nm compared to unbound [PtVO(tba)4] transitions of 628nm and 726nm 
 





(Figure 3.11.). However, in Ce-containing 49 and 50, the broad symmetry allowed 
f-d transitions between 400-600nm are strong and broad enough to prevent the 
much weaker symmetry forbidden d-d transitions from being observed (Figure 











Figure 3.12. UV-vis spectrum of 49 in toluene. 
 






 Paramagnetic 1H NMR spectra were measured for 49-52 at the University 
of Edinburgh. In unbound [PtVO(SAc)4] and [PtVO(tba)4], the protons of the 
thiocarboxylate backbones are too broad and close to the baseline to be 
observed,135 which is expected for these paramagnetic complexes. However, once 
bound to Ln(ODtbp)3, the lantern proton signals are visible and able to be 
integrated. This phenomenon is known as paramagnetic doping, in which the 
addition of a separate (not covalently linked) paramagnetic center alters the 
relaxation behavior of the sample, allowing for previously broad peaks to become 
sharper and visible within the NMR time scale.157 In SAc-containing 49 and 51 
(Figures 3.14 and 3.15.), the thioacetate methyl resonance is still quite broad, 
seen at 19.35 ppm and 18.17 ppm respectively. In tba-containing 50 (Figure 3.16), 
the thiocarboxylate phenyl ring protons are seen as a sharp peak at 8.03 ppm 
(ortho protons) and two broader peaks at 4.73 ppm and 3.75 ppm (meta and para 
protons respectively). In comparison, the meta and para protons of 52 form a 
singular large broad peak at 4.07 ppm while still maintaining the sharper ortho peak 








Figure 3.14. 1H NMR spectrum in C6D6 of 49. Bottom) Downfield shift of 








Figure 3.15. 1H NMR spectrum in C6D6 of 51. Bottom) Downfield shift of 























 When the bound complexes 49-52 are compared to unbound Ce(ODtbp)3 
and Nd(ODtbp)3, shifting of each ODtbp peaks can be observed. In Ce(DBP)3, the 
tBu peak at -2.97 ppm is shifted to -1.69 ppm in 49 and -1.94 ppm in 50. A less 
drastic shift is observed for the para proton at 9.54 ppm in Ce(ODtbp)3 to 9.32 ppm 
and 9.27 ppm and the meta protons from 10.8 ppm to 10.54 ppm and 10.41 ppm, 
in 49 and 50 respectively (Figure 3.18). Similarly, in Nd(ODtbp)3 the tBu peak at -
 
Figure 3.18. 1H NMR spectra comparison of Ce(ODtbp)3 (bottom, red) to 49 
(middle, green) and 50 (top, blue) in C6D6. Key: tBu (pink), para proton (blue), 





7.84 ppm is shifted to -1.65 ppm in 51 and -1.78 ppm in 52 while the para proton 
shifts from 12.79 ppm to 11.48 ppm and 11.28 ppm and the meta protons shift 
from 15.92 ppm to 14.51 ppm and 14.27 ppm respectively (Figure 3.19). 
 
 
Figure 3.19. 1H NMR spectra comparison of Nd(ODtbp)3 (bottom, red) to 51 
(middle, green) and 52 (top, blue) in C6D6. Key: tBu (pink), para proton (blue), 





 As previously discussed, toluene was chosen as the solvent for these 
reactions to prevent any other Lewis-basic media from competing for coordination 
around the Ln center. It is very common for donating solvents to bind to Ln ions 
resulting in higher coordination numbers, due to their large ionic radii. While the 
solvent conditions for the synthesis and subsequent crystallization of 49-52 were 
carefully chosen, the stability of the resultant complex in donating solvents was 
under question. In the literature synthesis of Ce(ODtbp)3, it was found that the 
complex bound THF weakly in the glovebox atmosphere.142 Through a 1 titration 
study, a mixture of Ce(ODtbp)3 and [Ce(ODtbp)3(THF)] was found to form when 
less than one equivalent of THF is added, while greater than one equivalent led to 
the 1:1 bound complex with free THF.142 A similar study was performed with 50 in 
which subsequent additions of THF were monitored via 1H NMR (Figure 3.20.). 
The signals associated with THF bound to 50 were found in the same region as 
that seen in the literature, between -10 to -7 ppm and -4 to -3 ppm, moving further 
downfield with each addition of THF, along with a similar downfield shift observed 
in the tBu signal. The addition of THF led to subsequent decrease in the tba phenyl 
signals around 4 and 8 ppm. With further additions of THF, green solid could be 
seen precipitating from solution, indicating the full displacement of [PtVO(tba)4]. 
This study indicates that in solution, the lantern is weakly bound and can be easily 
displaced by stronger donors such as THF, confirming the necessity for careful 







Figure 3.20. 1H NMR THF titration study of 50 in C6D6. Top: 50 (green). Middle: 





3.3.3. Magnetic Measurements 
 
To explore the potential coupling between the lantern and Ln(III) ion 
and SMM behavior of 49-52, SQUID magnetometry direct current (DC) and 
alternating current (AC) measurements were performed by Dr. Mauro 
Perfetti at the University of Florence. From the structural analysis described 
in Section 3.3.1, it was hypothesized that SAc containing 49 or 51, which 
contain the shortest Ln-OV bond lengths of 2.455(4) and 2.438(5) Å 
respectively, would have the greatest magnetic coupling and slowest 
relaxation within this series. The expected Curie constant for a V(IV) ion (0.375 
emu K mol-1) plus a Ln(III) ion (Ce3+=0.8 emu K mol-1, Nd3+=1.64 emu K mol-1) is 
1.175 emu K mol-1 and 2.015 emu K mol-1 for 49-50 and 51-52 respectively (see 
dashed lines in Figure 3.21.). The experimental curves reach values extremely 
close to the prediction: 1.176 (49), 1.176 (50), 2.019 (51), 2.000 (52), confirming 
the retained oxidation states of V(IV) and Ln(III) in these air sensitive samples. 
This result indicates a relatively small crystal field splitting of the Ln ion, as 
expected for these low symmetry, pseudo-tetrahedral structures. Each complex 
shows a sharp decrease in χT at low temperatures, and when compared to the M 
vs H curves (Figure 3.22. and 3.23.), indicate either crystal field splitting and/or 
possible weak antiferromagnetic interactions of the Ln(III) and V(IV). Compound 
50 shows the greatest decrease to the smallest χT at low temperatures and has 




















Figure 3.22. M vs H magnetization curves at T = 2K (blue), 5K (green), 







Figure 3.23. M vs H magnetization curves at T = 2K (blue), 5K (green), and 







Figure 3.24. M vs B/T curves. at T = 2K (blue), 5K (green), and 10K (red). Circles 







Figure 3.25. M vs B/T curves. at T = 2K (blue), 5K (green), and 10K (red). 





Interestingly, compounds 50-52 reach a very similar χT value at the lowest 
temperature (0.8-0.9 emu K mol-1), while 49 drops to 0.45 emu K mol-1. This can 
suggest that either the CF around the Ln stabilizes the same ground state in 50-
52, but a different one in 49 or, more likely, the AFM interactions in 49 are 
significantly higher than in the other two compounds, as hypothesized from the 
structural analysis. Unfortunately, the measured data are not suitable for a 
quantitative evaluation due to an over parametrization and correlation problem, 
impossible to overcome without ab initio calculations or a large span of 
spectroscopic techniques.158 Indeed, for these systems a reasonable fit must 
include at least two CF parameters to describe an approximate CF of the Ln(III), 
the coupling of Ln-V and the coupling of V-V. 
To further investigate the possible SMM behavior in 49-52, AC susceptibility 
measurements were performed. When no external DC field is applied, no χac” is 
observed. However, a χac” peak can be viewed with increasing intensity as an 
increasing DC field is applied, indicating the presence of other relaxation pathways 
that are quenched by the external field. When an external DC field is applied to 
quench any other relaxation pathways, all four complexes presented a frequency 
dependent AC signal indicative of slow relaxation of the magnetization (Figure 
3.26. and 3.27.), with the signal being stronger (compared to the relative noise) for 
tba derivatives 50 and 52. These data suggest a significantly different ligand field 





time is observed in 51, with a value of ca. 0.16 ms at T = 2 K and H = 5000 Oe, 
meaning it has the greatest SMM behavior of the four complexes.  However, in all 
cases, the χac” peak is outside the range of experimental frequencies at the lowest 
possible temperature (2K) and any increase in the temperature results in shifting 
the peak to higher frequencies, preventing further investigation of magnetic 









Figure 3.26. Alternating-current (AC) susceptibility measurements at varying 
fields, T = 2K of 49 (circles-top) and 50 (triangles-bottom). 




































































Figure 3.27. Alternating current (ac) susceptibility measurements at varying fields, 





3.3.4. Percent Buried Volume 
 
 Originally used to describe NHC type ligands, percent buried volume (PBV) 
calculations describe the fraction of the first coordination sphere around a metal 
center that is occupied by a ligand, with the goal of predicting and improving 
catalytic behavior through understanding of ligand bonding properties.159-160 
Developed by Cavallo and colleagues, the SambVca (Salerno at the MoLNaC 
Buried Volume Calculation) program is a free, online application designed to 
correlate reactivity and structure through this volume calculation for all types of 
metal complexes.161 A crystal structure or a geometry optimized structure is 
required, as changes in metal-ligand distance as well as ligand geometry affect the 
calculation. The volume occupied by each ligand type is calculated individually, 
and when those for all ligands are combined, the available space within the first 
coordination sphere for substrate binding can be determined. The newest version 
of the program outputs both the PBV as well as a topographical steric map that 
indicates the level of interaction between metal and ligand within the first 
coordination sphere.162 The generated 3D topographical maps display ligand bulk 
within a 3 Å radius in and out of the plane of the metal center, designated as the 
outer limits of the first coordination sphere. Within the maps, the x and y axes 
indicate distance (Å) from the central metal at the origin, with color denoting the 





 The percent buried volume and topographical map calculations of 49-52 
can help predict the possible coordination limit around Ln(ODtbp)3 and determine 
the potential viability of five-coordinate [Ln(ODtbp)3{PtVO(SOCR)4}2], which is 
desirable for its greater symmetry and potential increased anisotropy barrier (Ueff). 
 
 
 The ODtbp ligands of tba-containing 50 and 52 have two different 
orientations. In two of the ligands, one methyl in each tBu group is pointed away 
from the Ln, denoted as cis, while in the other ligand two of the methyls in one tBu 
group are pointed away from the Ln, denoted as trans (Figure 3.28). In SAc-
containing 49 and 51, all ODtbp ligands are in the “cis” conformation. The PBV 
calculations placed the origin at (Ln(III)) and  the directly bonded atom of the 
chosen ligand is orientated along the Z axis (i.e. Ln-O-V for lantern and Ln-O-C1 
for ODtbp).  As previously mentioned, the ligand geometry has a large effect on 
 





both the PBV and topographical map calculated. As seen in Table 3.2, there is a 
small difference between the volumes of the two ligand geometries.  
 
Table 3.2. Percent buried volume (PBV) of ligands and available volume (AV) left 
in the first coordination sphere. 
 49 50 51 52 
ODtbp (cis) % volume 24.3 23.9 24.6 24.5 
ODtbp (trans) % volume N/A 24.1 N/A 24.9 
{V=O} % volume 11.4 14.0 12.3 11.6 






 The PBV calculations indicate there is between 26 to 27% available space 
within the first coordination sphere of 49-52. The {V=O} binding in each complex 
only takes up between 11.4 and 14% of the coordination volume, indicating the 
  
  
Figure 3.29. Topographical steric maps of {V=O} coordination in 49 (top-left), 
50 (top-right), 51 (bottom-left), 52 (bottom-right) with Ln(III) at origin and the +z 





possibility of further lantern binding. As indicated by the small PBV values in Table 
3.2., the majority of both the ODtbp and lantern ligand bulk is within the second 
coordination sphere, so while there is unfilled volume, it is not available for ligand 
binding, and less bulky ligands would be required to allow for further lantern 
coordination. However, as previously discussed, smaller ligand bulk leads to 
higher coordinate starting Ln complexes that may be unable to bind the lantern at 
all in the solid state. 
As previously discussed, the 3D topographical maps generated from the 
SambVca program allow for visualization of the individual ligand sterics within the 
first coordination sphere along the user designated x-y plane. In Figure 3.29., the 
maps of the lantern binding show only one central area of bulk in all cases along 
the z-axis due to the {Ln-O=V} binding. The lack of additional bulk around the 
central {Ln-O=V} unit indicates minimal filling of the first coordination sphere in Ln 
from the thiocarboxylate backbone of the lanterns, further suggesting their steric 
bulk lies within the second coordination sphere. Maps of the two different ODtbp 
ligand orientations instead show more bulk when compared to the lanterns, with 
the tBu groups extending into the first Ln coordination sphere in both the cis- and 
trans- cases, as indicated in the bulk on either side of the central {Ln-ODtbp} bond 
(Figure 3.30.). 
Synthetic efforts were made to generate the five-coordinate 





PBV and topographical map data, that there is not enough space within the second 
coordination sphere of the Ln ion for further coordination. In all cases, the same 
dark red-brown solution was obtained, however, upon crystallization both red 
crystals and green solids formed and found to be the initial 49-52 complexes with 
the excess unbound (green) [PtVO(SOCR)4]  coming out of solution as well.  These 











Figure 3.30. Topographical steric maps of ODtbp coordination in 49 (top-left), 51 (bottom-left), 50-cis (top-
middle), 50-trans (bottom-middle), 52-cis (top-right), 52-trans (bottom-right) with Ln(III) at origin and the 





3.4. Conclusions and Future Directions 
 
 In summary, the S = ½ [PtVO(SOCR)4] lantern complexes (R=CH3 or Ph) 
were successfully shown to act as novel terminal oxo bound monodentate O-donor 
ligands on three-coordinate Ln(ODtbp)3 complexes. From these reactions, four 
new, four-coordinate trimetallic Ln complexes have been isolated with {V=O} 
binding in a similar manner to OPAr3. The careful selection of a terminal oxo axial 
ligand with one unpaired d-electron in the lantern system have allowed for a 
simplified study of magnetic coupling between d-block and f-block metal centers in 
low coordinate 49-52. Antiferromagnetic coupling was observed in 49-52, showing 
the ability of the V(IV) d1 electron to couple to electrons in the contracted f-orbitals 
of Ln(III). The antiferromagnetic coupling was shown to be strongest in 49, which 
was also found to have the highest magnetic ground state of 49-52.  AC 
susceptibility measurements revealed significantly different ligand fields when the 
thioacetate vs thiobenzoate lanterns are bound, with the slowest relaxation 
observed in 51. A combination of percent burried volume (PBV) calculations and 
the use of topographical steric maps indicates the inability of multiple 
[PtVO(SOCR)4] ligands to bind to Ln(ODtbp)3. 1H NMR titration studies of THF 
indicate full displacement of the lantern by THF and display the weak binding of 
the {V=O} in solution. 
 As previously mentioned, greater magnetic coupling is expected if the axial-





However, slight changes in the steric bulk around the Ln center could allow for a 
closer {V=O} bonding interaction, making the synthesis of the diisoproplyphenolate 
anologs, [Ln(ODipp)3{PtVO(SAc)4}], of great interest.   As indicated by the 
magnetic characterization of 49-52, closer interactions are allowed with less bulky 
[PtVO(SAc)4] lanterns, with increased antiferromagnetic coupling when paired with 
the larger ionic radii of Ce(III) and slower relaxation with the less oblate (more 
spherical) Nd(III) ion. To assess the strength of coupling and relaxation in these 
complexes, a higher symmetry complex, such as [Ce(OAr)3{PtVO(SAc)4}2], would 





Table 3.3. Summary of crystal data collection and refinement parameters of 49-
52. 
Compound 49 . 0.5HMDSO . 
toluene 









1490.36 1749.44 1319.25 1709.07 
Crystal 
System 
Monoclinic Triclinic Orthorhombic Triclinic 
Space 
Group 
P 21/n P 1 bar Pcba P-1 
a, Å 15.9088(2) 16.9219(3) 20.6526(5) 16.7686(12) 
b, Å 23.5478(5) 22.5655(3) 21.3478(4) 22.4235(16) 
c, Å 17.7553(2) 22.5881(3) 25.5068(6) 22.4927(17) 
α, ° 90 81.4710(10) 90 81.3420(10) 
β, ° 93.8100(10) 83.2750(10) 90 72.858(2) 
γ, ° 90 72.9520(10) 90 83.4340(10) 
V, Å3 6636.74 8130.33 11245.6 7967.7(10) 
Z 4 4 8 4 
ρ(calcd), g 
cm-3 
1.493 1.410 1.562 1.425 
μ, mm-1 3.108 2.533 3.750 2.664 
Temp, K 293 293 293 100.0 
R(F), %a 4.46 4.80 5.26 3.60 
R(ωF2), %b 9.69 10.94 11.98 7.98 
a R = ∑||Fo| – |Fc||/∑|Fo| b R(ωF2) = {∑ [ω(Fo2 – Fc2)2]}/{∑ [ω(Fo2)2]}1/2; ω = 1/[σ2(Fo2) + (aP)2 + 









CHAPTER 4: Synthesis and structural comparisons of Ni(II) 




 As discussed in earlier chapters, heterobimetallic lantern-type structures 
have the potential to be useful in the fields of molecular electronics and magnetism. 
Work by the Doerrer group has concentrated on thiocarboxylate {O,S} chelates 
due to the selectivity of the hard O versus soft S donor atoms towards 3d vs 5d 
metal centers, respectively, leading to a large array of heterobimetallic lantern 
complexes as previously published and discussed in Chapters 151-52 and 2163. One 
goal of our work has been to study structure-property relationships within lantern 
complexes to aid in the design and understanding of 1D arrays with interesting 
electronic and magnetic properties. Based on DFT42 studies and 195Pt NMR 
chemical shift data,42 it has been hypothesized that the formation of intermolecular 
interactions between lantern complexes is directly related to the electron density 
at the Pt(II) center. For example, as discussed in Chapter 3, the lantern complexes 
[PtVO(SOCR)4] made by Dr. Jesse Guillet, were originally hypothesized to form 
1D arrays through the interaction of the {V=O} to the Pt(II) of an adjacent lantern, 
in the same manner as previously published [PtVO(mpyS)4]∞ (mpyS = 4-methyl-2-
mercaptopyridine) lantern complexes with a {N,S} backbone chelate.164 Instead, 





the lantern chelate donor atoms play a previously untested role in affecting the 
electron density at the Pt(II). 
To explore the effect of lantern chelate heteroatoms in the formation of 
intermolecular interactions, a survey of the CSD53 was performed for both homo- 
and heterobimetallic lantern complexes. The majority of lantern complexes in the 
literature contain {O,O} chelates, carboxylates, (Figure 4.1.), and have been 
studied for their use as coordination polymers,165-166 catalysts,167-169 MOFs,170-171 
and magnetism.172-173 While far less abundant, the electronic and catalytic 
 
Figure 4.1. Reported crystallographically characterized lantern chelates including 





properties of {N,N} lantern complexes have also been studied.174-179 Despite the 
multitude of lantern complexes found in the literature, there is limited work 
concentrated on discerning structure property relationships within these 
molecules. While this type of analysis has not yet been done, the {N,S} systems 
found through a survey of the CSD would allow for the same selective {PtS4} 
binding as current {PtM} thiocarboxylate lantern complexes, leaving the {ME4} 
environment variable for comparison to our already well studied {O,S} systems. 
 
Scheme 4.1. {N,S} chelate ligands in lantern structures a) refs.162, 182,185-186 b) 





Of the few {N,S} lantern chelates found in the CSD, some structural 
commonalities are observed. In all examples but one, the {N,S} chelate is part of 
a ring system, forming homobimetallic lantern complexes (Scheme 4.1.) with M = 
Mo,180-182 Rh,183 or Ir183. The 2-mercaptopyridine (pyS-) or substituted 4-methyl-2-
mercaptopyridine (mpyS-) ligands displayed in Scheme 4.1.a184-187 are the only 
known {N,S} lantern chelates in which both heterobimetallic and homobimetallic 
structures have been achieved, making them ideal for this study.  
  The first lantern complexes synthesized with the mercaptopyridine ligands 
were homobimetallic {PtN2S2} mixed donor systems.187 The initial Pt(II)-Pt(II) 
complex was synthesized at elevated temperatures in an inert atmosphere, 
forming yellow crystalline material. The [Pt2(mpyS)4] was oxidized to form various 
air stable Pt(III)-Pt(III) complexes, [Pt2(mpyS)4(X)2], with halogen donors (Scheme 






 The formation of a species with {PtS4} and {MN4} coordination via the 
mercaptopyridine ligand has previously only been possible through a metalloligand 
approach, as seen at the center of Scheme 4.3. The metalloligand is synthesized 
by refluxing the protonated ligand with K2PtCl4 in toluene for twelve hours. Once 
[M(mpySH)4]Cl2 has been crystallized, the 3d metal of choice can be added under 
 





an inert atmosphere to form the desired heterobimetallic lantern. In addition to the 
MeCN adducts of the Fe188, Co184, and Ni184 derivatives, two 1D arrays have been 
synthesized with this ligand framework: the previously mentioned [PtVO(mpyS)4]∞ 
and [PtCr(mpyS)4(OH)]∞.164 Similar to the di-Pt analogs, only structural 
characterization has been reported for these heterobimetallic analogs. 
 





 Reported herein is a comparison of the [PtNi(mpyS)4(L)] lantern complexes 
with [PtNi(SAc)4(L)] series to discern the effect of {N,S} vs {O,S} donors on the 




4.2.1. Materials and Methods 
 
Potassium tetrachloroplatinate (K2PtCl4) was prepared by a series of 
literature procedures as described in Chapter 2.65-67 The ligand 4-
pyridinecarbonitrile (pyCN) (CAS: 100-48-1) was purchased from Sigma Aldrich at 
98% purity and recrystallized from Et2O. The ligands 2-mercaptopyridine (pySH) 
(CAS: 2637-34-5) and 4-methyl-mercaptopyridine (mpySH) (CAS: 18368-65-5), 
were purchased from Enamine at 95 % purity and used without further purification. 
Other reagents were obtained commercially and used without further purification. 
Elemental analyses were performed by Atlantic Microlab Inc. (Norcross, GA). 
UV−vis−NIR spectra were measured with a Shimadzu UV-3600 spectrometer. 
Evans method measurements68-69 were performed on a Varian 500 MHz 
spectrometer through measurement in the shift of residual protio solvent and 






4.2.2. X-ray Crystallography 
 
X-Ray crystallography Data collection, solution, and refinement were 
performed by Prof. Arnold Rheingold at the University of California-San Diego for 
53-59 and [Pt2(pyS)4]. X-ray collection parameters are collected in Table 4.5-4.6. 
Suitable crystals were selected, and mounted on a Cryoloop with Paratone N oil, 
and data were collected at 100 K on a Bruker Proteum-R with a CCD detector 
using Mo Kα radiation. Data were corrected for absorption with SADABS, and 
structures were solved by direct methods. All non-hydrogen atoms were refined 
anisotropically by full matrix least-squares on F2. 
 
4.2.3. Synthetic Procedures 
 
The starting complex, [PtNi(SAc)4(OH2)], was prepared by previously 
reported methods.30  
 
[PtNi(SAc)4(OH2)]2.MeCN.H2O (53). Freshly prepared [PtNi(SAc)4(OH2)] 
(55.1 mg, 0.096 mmol) was dissolved in ~2 mL MeCN and allowed to slowly 
evaporate at 9oC to grow green crystals suitable for X-ray analysis (18.3 mg, 31%). 
 [PtNi(SAc)4(pyCN)].CH2Cl2 (54). A portion of freshly prepared 





Separately, a portion of pyCN (40.1 mg, 0.386 mol) was dissolved in ~1 mL of 
acetone and added to the above solution with stirring. A light green precipitate was 
immediately formed. The reaction was stirred at RT for 18 h. The solution was 
filtered, and the precipitate collected and washed with acetone and hexanes. 
Green crystals suitable for X-ray analysis were grown by slow evaporation of 
CH2Cl2 at 9 oC (75 mg, 59.2%). Anal. Calc’d. for PtNiC15H18N2S4Cl2: C, 24.24; H, 
2.44; N, 3.77. Found: C, 24.60; H, 2.26; N, 3.56. UV-vis-NIR (CHCl3) (λmax, nm (εM, 
cm-1 M-1)): 272(32,300), 340(1940), 663(8), 828(2), 1166(9). μeff (Evans method, 
CD2Cl2): 2.82 µB. 
 [PtNi(SAc)4(HpipCN)].CH2Cl2 (55). A portion of freshly prepared 
[PtNi(SAc)4(OH2)] (110.32 mg, 0.193 mmol) was dissolved in ~5 mL of acetone. 
HpipCN (64.6 μL, 0.578 mmol) was added to the above solution with stirring. A 
light green precipitate was immediately formed. The reaction was stirred at RT for 
18 h. The solution was filtered, the precipitate collected and washed with acetone 
and hexanes, and the brown filtrate was then discarded. Green crystals suitable 
for X-ray analysis were grown by slow evaporation of CH2Cl2 at 9 oC (56.1 mg, 
43.9%). Anal. Calc’d. for PtNiC15H24N2S4Cl2: C, 24.04; H, 3.23; N, 3.74. Found: C, 
24.18; H, 3.30; N, 3.71. UV-vis-NIR (CHCl3) (λmax, nm (εM, cm-1 M-1)): 272(31,600), 
339(1575), 684(10), 845(2), 1195(9). μeff (Evans method, CD2Cl2): 2.73 µB. 
 [PtNi(mpyS)4(OH2)].H2O (56). A portion of mpySH (180.7 mg, 1.45 mmol) 





was dissolved in ~1 mL of water and added to the above suspension with stirring. 
The reaction was stirred vigorously for approximately 1 h to allow for dissolution of 
mPySH, forming a pale-yellow solution. Separately, K2PtCl4 (150 mg, 0.36 mmol) 
and NaHCO3 (145.7 mg, 1.73 mmol) were combined in ~2 mL of water, forming a 
pink translucent solution. This mixture was then added to the stirring solution of Ni 
and mpySH, forming an immediate thick mustard green precipitate. The solution 
was stirred for 3 h and then filtered, discarding the colorless filtrate. The collected 
solid was washed with ~10 mL of water (x3) and ~5 mL of hexanes (x2) and dried 
(256.5 mg, 94.1%). Pale red-green plate-like crystals suitable for X-ray analysis 
were grown by layering of acetone and water at 9 oC (128.1 mg, 47%). Anal. 
Calc’d. for PtNiC24H28N4S4O2: C, 36.56; H, 3.59; N, 7.12. Found: C, 36.88; H, 3.58; 
N, 6.96. UV-vis-NIR (CH2Cl2) (λmax, nm (εM, cm-1 M-1)): 288(41,600), 352(15,400), 
620(9), 760(2), 1160(9.5). μeff (Evans method, CD2Cl2): 2.90 µB. 
 [PtNi(mpyS)4(MeCN)].MeCN (57). A portion of mPySH (34.3 mg, 0.274 
mmol) was dispersed in ~18 mL of water. Separately, NiSO4.6H2O (18.0 mg, 0.068 
mmol) was dissolved in ~1 mL of water and added to the above suspension with 
stirring. The reaction was stirred vigorously for approximately 1 h to allow for 
dissolution of mPySH, forming a pale-yellow solution. Separately, K2PtCl4 (28.4 
mg, 0.068 mmol) and NaHCO3 (27.6 mg, 0.329 mmol) were combined in ~2 mL of 
water, forming a pink translucent solution. This mixture was then added to the 





precipitate. The solution was stirred for 3 h and then filtered, discarding the 
colorless filtrate. The collected solid was washed with ~10 mL of water (x3) and ~5 
mL of hexanes (x2) and dried (50.3 mg, 98%). Red cube crystals suitable for X-ray 
analysis were grown by slow diffusion of Et2O onto MeCN at 9 oC (19.8 mg, 39%). 
Anal. Calc’d. for PtNiC28H30N6S4: C, 40.39; H, 3.63; N, 10.09. Found: C, 40.37; H, 
3.59; N, 10.18. UV-vis-NIR (MeCN) (λmax, nm (εM, cm-1 M-1)): 270(36,600), 
326(3626), 360(4720). μeff (Evans method, CD2Cl2): 2.90 µB. 
 [PtNi(mpyS)4(pyCN)] (58). A portion of mPySH (62.9 mg, 0.503 mmol) was 
dispersed in ~18 mL of water. Separately, NiSO4.6H2O (33.1 mg, 0.123 mmol) was 
dissolved in ~1 mL of water and added to the above suspension with stirring. The 
reaction was stirred vigorously for approximately 1 h to allow for dissolution of 
mpySH, forming a pale-yellow solution. Separately, K2PtCl4 (52.2 mg, 0.123 mmol) 
and NaHCO3 (50.7 mg, 0.604 mmol) were combined in ~2 mL of water, forming a 
pink translucent solution, This mixture was then added to the stirring solution of Ni 
and mPySH, forming an immediate thick mustard green precipitate. The solution 
was stirred for 3 h and then filtered, discarding the colorless filtrate. The collected 
solid was washed with ~10 mL of water (x3) and ~5 mL of hexanes (x2) and dried 
(88.7 mg, 94.1%). The solid is then dissolved in ~20 mL of acetone. Separately, 
pyCN (434 mg, 4.17 mmol) is dissolved in ~1 mL of acetone and added to the 
above solution with stirring, forming a translucent red/orange solution. This is 





(x3). Red crystals suitable for X-ray analysis were grown by slow evaporation of 
CH2Cl2 at 9 oC (50.4 mg, 50%). Anal. Calc’d. for PtNiC30H29N6S4: C, 40.84; H, 3.26; 
N, 9.37. Found: C, 41.09; H, 3.26; N, 9.50. UV-vis-NIR (CH2Cl2) (λmax, nm (εM, cm-
1 M-1)): 286(80,900), 346(37,400), 627(16), 760(3), 1150(13). μeff (Evans method, 









 In the comparison of {O,S} and {N,S} lantern chelates, mercaptopyridine 
complexes of pyS- and mpyS- were investigated. Specifically, {PtNi} lanterns were 
chosen due to the synthetic issues faced with Co(II) and Fe(II) (see below). In 
addition to the water adducts, various cyanide substituted axial ligands (L = MeCN, 
pyCN, and HpipCN) were studied for their potential to form 1D arrays. 
 While MeCN is known to bind to mpyS lanterns, its potential as an axial 
ligand in SOCR lantern complexes had previously been untested. To address this 
question, fresh [PtNi(SAc)4(OH2)] was prepared and directly dissolved in MeCN, 
acting as both the solvent and potential ligand. The subsequent slow evaporation 
of this solution led to green crystals, as previously observed with all [PtNi(SAc)4(L)] 
species. X-ray diffraction studies revealed a hydrogen bonded dimer of 
[PtNi(SAc)4(OH2)] (53) with one molecule of MeCN within the crystal lattice. 
Despite the large excess of available ligand, there is a barrier preventing the axial 
ligand exchange from H2O to MeCN. 
 With other axial ligands, direct and rapid substitution of H2O was facile.  As 
per our previously published synthetic procedures, when [PtNi(SAc)4(OH2)] is 
dissolved in acetone, the desired axial ligand is added and a green precipitate is 





yielding single crystalline material suitable for structural characterizations. For the 
formation of [PtNi(SAc)4(pyCN)] (54) a twofold excess of pyCN is required to 
ensure full displacement of H2O, the excess pyCN is then washed away in the 
acetone rinse of the precipitate. Similarly, a three-fold excess of HpipCN is added 
in the formation of [PtNi(SAc)4(HpipCN)] (55) which excess is also rinsed from the 
collected precipitate. 
 
The synthetic procedure described above for the [PtM(SAc)4(L)] complexes, 
was initially adopted for the synthesis of the [PtNi(mpyS)4(L)] complexes. The 
 
Figure 4.2. ORTEP of [Pt2(pyS)4]. Ellipsoids shown at the 50% level. Hydrogen 





mercaptopyridine ligands, pySH and mpySH, are only minimally soluble in H2O, 
and therefore required a much larger amount of solvent. After the addition of 
NaHCO3, K2PtCl4 was dissolved in water and added to the stirred solution. In the 
synthesis of the thiocarboxylate analogs, once Pt is added, the solution appears 
translucent orange-pink. In the mercaptopyridine analogs, the addition of K2PtCl4 
at the same stage led to the immediate formation of a bright yellow precipitate. 
This solid was collected and crystallized from CH2Cl2. X-ray diffraction studies of 
the collected yellow crystals revealed the structure of the already known187 
[Pt2(pyS)4], which had been previously not been characterized via X-ray 
crystallography (Figure 4.2.). The literature procedure for the formation of this 
complex required refluxing KpyS with PtCl2(MeCN)2 in toluene for 12 hours under 
an inert atmosphere, as seen in Scheme 4.4.187 As summarized in Scheme 4.2, 
[Pt2(pyS)4] was oxidized with CHCl3 or CHBr3 to form various Pt(III)-Pt(III) species 
with capping halides, which can undergo further substitution with pseudo halogens. 
Although the Pt(II) homobimetallic lantern was initially synthesized in an inert 
atmosphere, all subsequent oxidation reactions were performed in air. The 
synthesis described herein is a significant improvement of the formation of 






 Due to the formation of [Pt2(pyS)4] with pySH and the analogous structure 
with mpySH, an altered synthetic procedure was developed to achieve the family 
of [PtNi(mpyS)4(L)] complexes. To avoid {Pt2}-complex formation, the protonated 
ligand, mpySH, was dissolved in water with a Ni(II) salt while K2PtCl4 and NaHCO3 
were combined separately. When the Pt-base mixture is added to the stirring 
ligand-Ni solution, a new yellow-green precipitate is immediately formed. It was 
thought that if Pt-N coordination could be prevented with prior Ni-N coordination, 
dimer formation could be avoided.  When NiCl2 was used, crystals from acetone 
evaporation consistently yielded [Pt(PtNi(mpyS)4(Cl))2] (59) as the only crystalline 
product. Unexpectedly, complex 59 contains two {N3,S} ligated Ni and {N,S3} 
ligated Pt centers comprising the [PtNi(mpyS)4(Cl)] lantern moieties bridged by a 
 





central {Pt(II)S4} (Figure 4.3.).  This result suggests that partial coordination of Ni 
with N was achieved, but not complete displacement of the Cl atoms.   
To avoid the pentanuclear species of two anionic lantern complexes bridged 
by Pt in 59 in which chloride acts as a terminal ligand, NiSO4 was used in place of 
NiCl2. The collected precipitate is the same yellow-green color as the described in 
the synthesis of 59. When the precipitate was dissolved in acetone and layered 
with water, yellow-green crystals of the water adduct [PtNi(mpyS)4(OH2)] (56) were 
isolated. Having confirmed product formation crystallographically, this compound 
was generated in situ and used to form several other derivatives with different CN- 
 
Figure 4.3. ORTEP of 59. Ellipsoids shown at the 50% level. Hydrogen atoms 





substituted axial ligands, chosen for their potential to link the complexes into 1D 
arrays.  
When 56 was recrystallized from MeCN, [PtNi(mpyS)4(MeCN)] (57) forms, 
in which, unlike what was observed with the thiocarboxylate analogs under 
identical conditions, MeCN is bound as an axial ligand. In the case of 
[PtNi(mpyS)4(pyCN)] (58), the crude precipitate of 56 was dissolved in acetone to 
which pyCN was then added. Unlike the thioacetate analogs, no precipitate was 
formed upon addition of pyCN. Crystals of 58 were only obtained when a 100-fold 
excess or more of pyCN was used. The synthesis of [PtNi(mpyS)4(HpipCN)] was 
attempted but in every case the structure revealed the water-ligated 56 hydrogen 
 
 






bound to the HpipCN-ligated lantern in a 50/50 mixture, as shown in Scheme 4.5. 
This lack of complete substitution may be due to the strong hydrogen bonding 
ability of the unbound piperidine NH group, which is directly bound to Ni in the 
thioacetate analog 55, preventing any hydrogen bonding from occurring. In all 
attempts to displace H2O as the axial ligand, if the recrystallization solvent is 
MeCN, 57 forms preferentially, even with a large excess of other ligand present.  
Synthetic attempts were made in pursuit of M = Co(II) and Fe(II) analogs, 
[PtM(mpyS)4(L)], but in each case reactions led to uncharacterized dark brown 
products that could be oxidized Co(III) and Fe(III) lantern complexes, or some 
other products of S/3d-metal redox chemistry. In particular, the products from 
reactions with Co(II) matched the solubility of the known [PtCoIII(mpyS)4(L)] 
species.189 
 
4.3.2. Structural Discussion 
 
As previously discussed in Chapters 1 and 2,51-52, 163 it is not uncommon for 
a range of structures to be observed in the unit cells of lantern complexes. We 
have long hypothesized that the potential energy surface connecting the lantern 
structures is very shallow and slight changes to the lantern composition can cause 
the observed differences in the resultant dimer structures, shown in Scheme 1.5 





previously seen in square complexes, or in the exceptionally long metallophilic 
contacts of [PtM(SAc)4(pySMe)] (M = Fe (43), Co (44), Ni (45)), the original 
parameters for structural classification are not absolute.  
This shallow potential energy surface is also exemplified in the structure of 
[PtNi(SAc)4(OH2)]2.MeCN (53), as seen in Figure 4.4. The originally reported 
[PtNi(SAc)4(OH2)] was crystallized from acetone/hexanes layering and the 
resultant solid-state dimer has a staggered conformation.30 With different 
crystallization conditions in 53, a hydrogen bonding network forms in which one 
complex is bridged through a free water molecule to the axial water ligand of 
another complex. Furthermore, each complex in the asymmetric unit forms an 
eclipsed dimer, however the Pt-Pt-M angle is slightly more linear, 168.3o, in 
contrast to the previous eclipsed structures.39-40 The partially eclipsed dimer of 
[PtNi(SAc)4(OH2)] has also formed when crystallized from CH2Cl2. While all data 
suggest that the thiocarboxylate lantern complexes remain as monomers in 
solution, these new data demonstrate the dependence of the solid-state dimer 








Figure 4.4. Top) ORTEP of two molecules of 53, hydrogen binding seen 
between O5 and O6. Ellipsoids shown at the 50% level. Hydrogen atoms 
excluded for clarity. Bottom) Eclipsed dimer structure of 53 observed when 





Table 4.1. Selected bond distances (Å) and angles (o) for 53-55. 










2.585(2) 2.319(3) 2.02(2) 3.0794(6) 3.821(3) 178.76(5) 
(2) 2.571(2) 2.323(6) 2.02(1) 3.0794(6) 2.821(3) 178.76(5) 
53 (1) 2.5827(8) 2.333(3) 2.04(1) 3.4355(5) 3.755(2) 168.30(2) 
53 (2) 2.5748(8) 2.330(3) 2.03(1) 3.4355(5) 3.755(2) 167.10(2) 
54 2.5715(6) 2.319(3) 2.047(6) 7.8055(4) 5.702(9) 101.49(1) 
55 2.5811(7) 2.320(3) 2.05(1) 8.0422(4) 5.918(1) 102.12(1) 
 
X-ray diffraction studies of both 54 and 55 reveal typical thioacetate lantern 
structures. As expected, pyCN is bound to Ni through Npy in 54 and HpipCN is 
bound through NHpip in 55. Both 54 and 55 have typical Pt-Ni distances of 2.5715(6) 
and 2.5811(7) Å and Ni-O average distances of 2.05Å. As previously reviewed in 
Chapter 151-52 and above, it is common for thiocarboxylate lantern complexes to 
form dimers in the solid state through short intermolecular Pt…Pt or Pt…S contacts. 
When looking at the structure of both 54 and 55, the exceptionally long Pt…Pt and 
Pt…S distances listed in Table 4.1 indicate that these intermolecular interactions 
are not present. In each structure, there is an equivalent of CH2Cl2 solvent within 
the lattice. In both complexes, the distance between the Pt and the solvent Cl of 
3.443(1) Å (54) and 3.392(1) Å (55) is less than the sum of their Van der Waals 
radii (3.50 Å).190 In 54, shown in Figure 4.5, an equivalent of lattice CH2Cl2 lies 
over the pyCN ring and another molecule of 54 is directly above the solvent, with 





Figure 4.6 shows a molecule of CH2Cl2 directly capping the Pt atom in the {PtS4} 
plane and the same pattern is observed in which the molecule directly above is 








Figure 4.5. top) ORTEP of 54. Ellipsoids shown at the 50% level. Hydrogen 








Figure 4.6. top) ORTEP of 55. Ellipsoids shown at the 50% level. Hydrogen 





 Unlike the thiocarboxylate analogs, the mercaptopyrdine compounds 56-58 
have the NCN donor bound to Ni in all cases. This type of bonding is distinct from 
that in the thiocarboxylate analogs in which the more basic Npy binds to the 3d 
metal in each case, and as discussed in the synthesis of 53, MeCN has not been 
observed to bind to thiocarboxylates. In fact, when unsubstituted pyridine is added 
 
Scheme 4.6. Sterics of py binding in a) thiocarboxylate, b) 2-mercaptopyridine, b) 
CH3CN binding in mercaptopyridine, no L binding in d) 2-mercaptoquinoline 





as a potential axial ligand for “[PtNi(mPyS)4(py)]”, homogenous crystalline material 
was not obtained from the insoluble solids produced in these reactions. From this 
observation, it has been hypothesized that the steric bulk of the mercaptopyridine 
rings prevents the binding of other bulky ring structures at the axial Ni site (Scheme 
4.6.). 
 
Table 4.2. Selected bond distances (Å) and angles (o) for 56-58. 








56 2.5485(5) 2.318(5) 2.11(2) 9.3684(6) 8.4212(9) 178.71(6) 
57 2.5309(5) 2.321(2) 2.12(1) 9.1530(6) 7.685(1) 177.31(8) 
58 2.5295(6) 2.320(3) 2.11(1) 9.6692(7) 8.407(1) 179.53(9) 
  
 Compounds 56-58 have typical Pt-Ni and Ni-N distances. Like 54-55, these 
mercaptopyridine complexes do not form dimers in the solid state. Unlike the 
thiocarboxylates 54-55, there is no indication of solvent interacting with the {PtS4} 









Figure 4.7. Top-left) ORTEP of 56. Ellipsoids shown at the 50% level. Hydrogen 
atoms excluded for clarity. Top-right) Torsion of the mpyS backbone as viewed 









Figure 4.8. Top-left) ORTEP of 57. Ellipsoids shown at the 50% level. Hydrogen 
atoms excluded for clarity. Top-right) Torsion of the mpyS backbone as viewed 









Figure 4.9. Top-left) ORTEP of 58. Ellipsoids shown at the 50% level. Hydrogen 
atoms excluded for clarity. Top-right) Torsion of the mpyS backbone as viewed 





Table 4.3. Bond distances (Å) within five-membered chelate rings of 
[PtNi(SAc)4(OH2)] and 56. 








[PtNi(SAc)4(OH2)] (1) 30 2.585(2) 2.319(3) 1.708(5) 1.24(2) 2.02(2) 
[PtNi(SAc)4(OH2)] (2) 2.571(2) 2.323(6) 1.70(1) 1.25(1) 2.02(1) 
[PtNi(mpyS)4(OH2)] 56 2.5485(5) 2.318(5) 1.752(5) 1.350(5) 2.11(2) 
 
 In an effort to identify the differences between SAc and mpyS lanterns, the 
bond distances in the five-membered chelate rings formed in the previously 
published staggered [PtNi(SAc)4(OH2)] dimer (2) and monomeric 
[PtNi(mpyS)4(OH2)] (56) were compared. As seen in Table 4.3., the average Pt-
Sintra. distance between the two complexes is the same at ~2.31 Å while the 
average Ni-N distance is 2.11 Å in 56 compared to the shorter Ni-O average 
distance of 2.02 Å in the thioacetate. The S-C distances within the ring are smaller 
in the thioacetate lantern than 56, with averages of ~1.7 Å and 1.75 Å respectively. 
Similarly, the N-C average distance (1.35 Å) in 56 is about 0.1 Å larger than the O-
C average in [PtNi(SAc)4(OH2)]. Despite the generally longer bond lengths within 
the mpyS lantern chelate of 56, it has a shorter Pt-Ni distance of 2.5485(5) Å when 
compared to the thioacetate analog (~2.57 Å). 
 A direct comparison can also be made between the published 1D array, 
[PtVO(mpyS)4]∞ and the staggered dimer [PtVO(SAc)4] which was first synthesized 





in comparing the Ni(II) analogs, [PtVO(mpyS)4] has longer S-C, E-C, and V-E bond 
distances than its thiocarboxylate analog with similar Pt-Sintra. distances (Table 
4.4.). However, the Pt-V distance in mpyS 1D array is actually larger than in the 
thioacetate staggered dimer, while the Pt-Ni distance is shorter in 56 when 
compared to [PtNi(SAc)4(OH2)].  
 
Table 4.4. Bond distances (Å) within five-membered chelate rings of [PtVO(SAc)4] 
and [PtVO(mpyS)4]. 








[PtVO(SAc)4] 2.585(2) 2.319(3) 1.702(2) 1.24(2) 2.002(7) 
[PtVO(mpyS)4] 2.604(1) 2.323(6) 1.71(3) 1.38(3) 2.13(1) 
 
As described in the structural section above, this new family of Ni-mpyS 
lantern complexes has not form any solid-state dimers in the case of 56 and 57, 
nor any extended interactions in 58, despite using a potentially bridging ligand. An 
initial hypothesis was that the torsion about the metal centers caused by the 
mercaptopyridine steric bulk plays some factor in the resultant lack of 
intermolecular interactions. To explore this theory, an in-depth comparison of the 
{PtNi} mercaptopyridine and thiocarboxylate structures described in this chapter, 
as well as those found in the literature was conducted. Previously, the torsion 
within the thiocarboxylates was attributed to a size difference between the Pt-S 
169 
and M-O atom pairs, with longer Pt-S bonds than M-O resulting in chelate ring 
twist. When these parameters are compared in Figure 4.10., this trend does not 
hold true. As seen by the patterned (Pt-S distances) and red (M-E distance) bars, 
the Pt-S distances are similar across all complexes while the M-E (E = O or N) 
distances are slightly larger in the mpyS complexes (right half Figure 4.10.). This 
same pattern was observed in the direct comparison of water adducts 
[PtNi(SAc)4(OH2)] and 56 as well as [PtVO(SAc)4] and [PtVO(mpyS)4]. If the 
original hypothesis holds true, the smaller size difference between the bond 
lengths in mpyS compounds should lead to less twisting of the backbone. 
However, in all mpyS complexes, the torsion is much larger, as seen by the green 
line, despite the reduced size differential. The direct Ni and VO comparisons 
display longer S-C and E-C distances in the chelate ring formed by mpyS, 
suggesting this could instead be causing the difference in torsion observed 
between the systems. Moreover, when intermolecular interactions do occur in the 
mpyS systems (last three data point sets in Figure 4.10.), the torsion is not 
drastically changed, although a slight lowering is seen. From this comparison, it 
can be concluded that torsion is not a defining factor in the presence of 




Figure 4.10. Comparison of torsion (o) and Pt-S (Å) vs M-E (Å) bonds. Patterned bars (Pt-S distance): 
thiocarboxylate lanterns (diagonal stripes), mercaptopyridine lanterns (horizontal stripes), blue (Ni), black (V), 





As noted above in the comparison of {PtNi}-H2O ligated complexes with 
{PtVO} complexes, the Pt-Ni distance is shorter in [PtNi(mpyS)4(OH2)] (56) than in 
the staggered dimer of [PtNi(SAc)4(OH2)] while the infinite chain of [PtVO(mpyS)4]∞ 
has a longer Pt-V distance than staggered dimer [PtVO(SAc)4]. Previously, it has 
been observed in thiocarboxylate lantern complexes that the Pt-M distance  
decreases with closer Pt…Pt interactions (Figure 4.11.) due to stabilization of the 
Pt-M σ bond.39 This trend is not observed in the mercaptopyridine analogs. As 
seen in Figure 4.12., literature examples with close solid-state intermolecular 
interactions (to the {PtS4} plane) ([PtCr(mpyS)4(Cl)], [PtCr(mpyS)4(OH)]∞, and 
 
Figure 4.11. Close intermolecular Pt-Pt contact (Å) comparison to Pt-M distances 
(Å) of thiocarboxylate lanterns. pyNH2 (squares), py (circles), H2O (triangle), 
pyNO2 (diamond) NCS[12C4]2 (long dash), NCS[15C5] (x); Co (purple), Ni 





[PtVO(mpyS)4]∞ )164 have very similar Pt-M distances (2.5 - 2.6 Å) to monomeric 
56-58, suggesting that there is no correlation between intermolecular interactions 





Figure 4.12. Close intermolecular contact (Å) to {PtS4} plane comparison to Pt-
M distances (Å) in mpyS compounds. Literature structures (squares), 56-58 





It is well studied in the literature that stabilization (shortening) of the M-M 
bond leads to destabilization (lengthening) of the M-L axial bond. 191-193 Known as 
the trans influence, we have found this correlation to be very weak in our 
thiocarboxylate lantern complexes.39 This same analysis was applied to the new 
structures, 53-58, and also the three previously published V and Cr 
heterobimetallic mercaptopyridine lantern complexes from Scheme 4.3, as 
visualized in Figure 4.13. Comparison of the Pt-M and M-L distances show very 
little effect of the Pt-M bond on the resultant M-L bond in the complexes that lack 
solid-state intermolecular interactions (56-58), indicating that in the 
 
Figure 4.13. Trans effect comparison of Pt-M and M-L distances (Å) in 
mercaptopyridine complexes. Literature structures (squares), 53-58 (circles); V 





mercaptopyridine lantern complexes, the Pt-M is also a weak trans influencer. 
However, the literature describing mpyS complexes that form solid-state 
intermolecular interactions, the trans influence is observed. For example, 
[PtCr(mpyS)4(Cl)] forms a square dimer in the solid-state with a M-L distance of 
2.346 Å and Pt-M distance of 2.502 Å. In the 1D chain, [PtCr(mpyS)4(OH)]∞, the 
M-L distance decreases to 1.93 Å with an increase in the Pt-M distance to 2.521 
Å. Similarly, in [PtVO(mpyS)4]∞, the M-L and Pt-M distances are 1.59 and 2.604 Å 
respectively.  
 
Figure 4.14. Oxidation state comparison of mpyS compounds with and without 
intermolecular interactions. Literature structures (squares), 56-58 (circles); V 





Furthermore, intermolecular interactions have only been seen with electron 
deficient metals (i.e. V(IV) d1 and Cr(III) d3) with the mpyS ligand. In fact, when 
Cr(III) is replaced with Cr(II) d4 in [PtCr(pyS)4(Cl)]+, no intermolecular interactions 
are observed (Figure 4.14.). As previously discussed,51-52 DFT calculations of our 
thiocarboxylate water ligated complexes have suggested that there is weak Pt 
(donor) – M (acceptor) character due to the electron withdrawing nature of the 
carboxylate O atoms.39, 42 Ligand donating effects have been well studied in the 
literature, most famously by Tolman’s studies on the donating character of 
phosphine type ligands, measured through the Tolman electronic parameter 
(TEP).194 Since this seminal work, much research has been done on expanding 
the TEP to include various ligand types, including N-type donors.195-196 This work, 
in conjunction with knowledge from the spectrochemical series, has indicated that 
pyridine type donors are stronger field ligands than the previously studied 
thiocarboxylates. With stronger field mpyS, there should be greater donation from 
the Npy to the 3d metal which in turn leads to weaker Pt (donor) – M (acceptor) 
character when compared to the previous thiocarboxylates. This effect is 
experimentally observed in electron deficient d1 species ( i.e. V(IV) and Cr(III)), 
which can still accept donation from Pt(II), increasing the Pt(II) Lewis acidic 
character and resulting in solid-state intermolecular interactions with the Lewis 
basic {V=O} or {Cr-OH}. In 56-58, the stronger donation from mpyS to Ni(II) in turn 
causes less Pt(II) donation to Ni(II) d8, lessening Pt(II) Lewis acidic character and 





would need to be conducted and compared to those previously showing the Pt 
(donor) – M (acceptor) character in thiocarboxylate lanterns. 
 
4.3.3. Electronic Structure 
 
 As discussed in Chapters 1 and 2, our previously made thiocarboxylate 
lantern complexes display three different types of electronic transitions: LMCT, d-
d transitions, and intermetallic d-d charge transfer. Compounds 54 and 55 have 
the typical LMCT bands in the UV region at ~270 nm and 360 nm. These Ni(II) 
open-shell complexes also display d-d transitions in the visible region around 660 
nm and 830 nm as well as an intermetallic charge transfer band in the NIR between 






 New mercaptopyridine complexes 56-58 also display LMCT bands in the 
UV region between 270-280 nm with a shoulder between 360-380 nm within the 
known range of π → π* transitions within mercaptopyridine.197 The most intense of 
these signals is the pyCN adduct (58) due to the π donating ability of the aromatic 
ligand, the intensity then decreases with decreasing π donating ability (i.e. MeCN 
(57) < H2O (56)). As seen in Figure 4.16., the molar absorptivity of the UV band is 
dependent on the Ni axial ligand. The d-d transfer (620-630 nm) and intermetallic 
d-d charge transfer bands (1150-1160 nm) of 56 and 58 are found in the visible 
  






and NIR regions respectively. When compared to the d-d transitions of 54-55 (~660 
nm) and previously published [PtNi(SAc)4(OH2)] (7) (703 nm), both 56 and 58 show 
a shift to shorter wavelengths (~620-630 nm), further indicating that 
mercaptopyridine is a stronger field ligand than the thiocarboxylate. A concentrated 
solution of MeCN adduct 57 was unable to be achieved due to its solubility, 
preventing observation of the expected visible and NIR peaks, however the red 




Figure 4.16. UV-vis-NIR spectra of [PtNi(mpyS)4(OH2)] (56-red), 





4.3.4. Magnetic Susceptibility 
 
 Solution state Evans method measurements68-69 were performed for all 
complexes. The spin only predicted value for a pseudo octahedral Ni(II) d8 metal 
center with S = 1 is 2.83 μB. Thiocarboxylate compounds 54 and 55 have observed 
susceptibilities of 2.82 and 2.73 μB respectively. These are consistent with other ~ 
Oh S = 1 Ni(II) complexes.198 Mercaptopyridine compounds 56-58 also have 
observed susceptibilities within the normal range at 2.90, 2.90, and 2.82 μB 
respectively. 
 The solid-state magnetic susceptibilities at varying temperatures were not 
measured for 54-58. As discussed in Chapter 1,51-52 we have previously observed 
solid-state antiferromagnetic coupling in the staggered dimers of our 
thiocarboxylate lantern complexes. All compounds reported herein remain as 




 A new family of Ni mercaptopyridine lantern complexes has herein been 
reported that utilizes a new air and water stable synthetic method (56-58). The 
known thiocarboxylate family has been expanded to include a new cyano 





work on the synthesis of 56-58, an improved synthetic route to the already 
published [Pt2(pyS)4] complex was also discovered, precluding the need for 
elevated temperatures or an inert atmosphere. 
 Based on thorough structural analyses, it is hypothesized that the greater 
donating ability of the stronger field mercaptopyridine ligand (in comparison to the 
previous thiocarboxylates) decreases the Pt (donor) – M (acceptor) character in 
56-58, which in turn lessens the Pt(II) Lewis acidic character, resulting in a lack of 
solid state intermolecular interactions. In fact, intermolecular interactions are only 
observed when electron deficient metal centers are used, such as d1 V(IV) and d3 
Cr(III), allowing the Pt(II) center to remain Lewis acidic. To further support this 
hypothesis, calculations would need to be performed to compare the Pt (donor) – 
M (acceptor) character within the mpyS lanterns to that already calculated in the 
thiocarboxylates. 
 Although the new [PtNi(mpyS)4(L)] complexes indicate that the 
mercaptopyridine ligand is not likely to be useful in the synthesis of 1D wires with 
late row transition metals, it has still provided further implications of the important 
role Pt(II) Lewis acidity plays in the formation of 1D arrays. While no diamagnetic 
mercaptopyridine lantern has yet been synthesized, [PtZn(mpyS)4(MeCN)] 
analogs were attempted in air and led to an oxidized Pt(IV) species as discussed 
in Chapter 5. Synthesis in an inert atmosphere similar to [PtCo(mpyS)4(MeCN)]189 





made, an analogous 195Pt NMR analysis as performed with previous diamagnetic 
thiocarboxylate lantern complexes could be performed, allowing for quantitative 
determination of the Pt(II) electron density in a mercaptopyridine lantern complex. 
As indicated in the formation of chains with early row transition metals, future work 








Table 4.5. Summary of crystal data collection and refinement parameters of 
[Pt2(pyS)4] and 53-55. 









1661.57 1221.55 743.25 749.30 
Crystal 
System 
Monoclinic Monoclinic Monoclinic Monoclinic 
Space 
Group 
P 21/n P1 21/c1 P 21/n P 21/n 
a, Å 11.9751(11) 11.5134(4) 9.8861(3) 10.1863(4) 
b, Å 6.9748(8) 20.8741(6) 17.5447(4) 17.6865(9) 
c, Å 13.0569(12) 15.3174(5) 13.2448(5) 13.3956(6) 
α, ° 90 90 90 90 
β, ° 91.760(3) 106.734(2) 98.078(2) 96.694(2) 
γ, ° 90 90 90 90 
V, Å3 1090.05(19) 3525.4(2) 2274.50(12) 2396.90(19) 
Z 1 4 4 4 
ρ(calcd), g 
cm-3 
2.531 2.302 2.171 2.076 
μ, mm-1 13.219 9.489 18.192 7.211 
Temp, K 100 100 100 100 
R(F), %a 3.30 3.41 2.19 2.99 
R(ωF2), %b 6.99 6.27 5.47 7.40 
a R = ∑||Fo| – |Fc||/∑|Fo| 
b R(ωF2) = {∑ [ω(Fo
2 – Fc
2)2]}/{∑ [ω(Fo
2)2]}1/2; ω = 1/[σ2(Fo
2) + 











Table 4.6 Summary of crystal data collection and refinement parameters of 56-
59. 
Compound 56 57 58 59 . 2Toluene 




786.54 832.62 854.62 1951.28 
Crystal 
System 
Monoclinic Orthophombic Monoclinic Monoclinic 
Space Group P 21/c Pcba P 21/c C 2/c 
a, Å 10.9283(5) 18.1361(5) 11.1229(11) 39.341(9) 
b, Å 15.9327(8) 16.3583(4) 16.3142(11) 15.499(4) 
c, Å 19.3856(8) 21.0747(6) 18.5352(14) 27.142(6) 
α, ° 90 90 90 90 
β, ° 90.3340(10) 90 90.866(3) 104.834(7) 
γ, ° 90 90 90 90 
V, Å3 3375.3(3) 6252.4(3) 3363.0(5) 15998(6) 
Z 4 8 4 8 
ρ(calcd), g cm-
3 
1.548 1.769 1.688 1.620 
μ, mm-1 4.970 5.368 4.993 6.004 
Temp, K 100 100 100 100 
R(F), %a 2.85 2.88 3.11 4.67 
R(ωF2), %b 6.20 5.07 7.31 10.67 
a R = ∑||Fo| – |Fc||/∑|Fo| b R(ωF2) = {∑ [ω(Fo2 – Fc2)2]}/{∑ [ω(Fo2)2]}1/2; ω = 1/[σ2(Fo2) + (aP)2 + bP] 














 One-dimensional arrays have been, and continue to be, of great interest for 
their demonstrated and potential magnetic and electronic properties. In particular, 
platinum chains have been some of the most studied 1D arrays to date. One of the 
earliest families of compounds is the platinum blue salts, first discovered in 
1908,200-201 which have since been expanded to include rhodium and iridium 
blues.202 The platinum blue family is most commonly synthesized through oxidative 
condensation of square-planar d8 dinuclear compounds, with  covalently-linked 
{PtL2X2} centers, to form mixed oxidation state chains of varying lengths.203-205 
 Magnus’ green salt (MGS) is another class of infinite platinum array. Within 
this family, chains are formed through the self-stacking of square planar platinum 
ions through metallophilic interactions (Scheme 5.1.a).206 The original Magnus’ 
green salt formed an insoluble green material from stacked chains of [Pt(NH3)4]2+ 
and [PtCl4]2- ions. Soluble analogs have been made by replacing the ammonia 
ligands with primary amines such as ethylhexylamine.207-208 Furthermore, as 
described in Chapter 1,51-52 Krogmann type salts and Chugaev’s red salt are also 





Scheme 5.1. Examples of Pt 1D chains, (a) Magnus’ type Green Salt203 (b) Conductive dithiocarboxylato chain206 





The properties of 1D arrays can also be tuned through choice of counter 
ion. More recently, platinum based 1D arrays were synthesized through the 
electrocrystallization of [Pt2(S2CR)4] under oxidizing potentials to yield 
[Pt2(S2CR)4]n+(ClO4)n complexes, forming a highly conductive chain (4.2 - 8.0 
Siemens/cm) of dimers with an average Pt oxidation state of +2.125 (Scheme 
5.1.b).209 In this same work, it was found that differences in the number and 
position of anions per dimer led to the formation of a pentamer of dimers that was 
found to behave as a semiconductor (0.33 – 1.2 Siemens/cm) with an average Pt 
oxidation state of +2.2.  
As most platinum chains are salts, the introduction of paramagnetic 
counterions has been investigated and the resultant properties explored. In one 
case, the addition of Cu(II) ions in the synthesis of oxalate-bridged, partially-
oxidized platinum 1D arrays (average Pt oxidation of +2.29) was found to induce 
semiconducting behavior (0.5-0.9 Siemens/cm) when the {Cu(bpy)}2+ ions were 












Scheme 5.2. Examples of  EMACs, (a) Original trinuclear EMAC213-215 ; (b) Tetranuclear ferromagnetic EMAC219 ; 
(c) Platinum blue type octanuclear EMAC202 ; (d)  Pt(II)/Pt(III) pentameric EMAC200 ; (e) Hexameric (H)EMAC.220 Key: 





While much research has been performed on these infinite 1D platinum 
arrays, more recent work has been focused on the synthesis of discrete length 
platinum chains for finer tuning of their electronic properties. Homonuclear 
extended metal atom chains (EMACs) and their heteronuclear (HEMACs) analogs 
are chains of discrete length (n = 3-11) that have been well studied in the literature 
for their potential use as electrical conductors in nanocircuits,211 and their 
photophysical,212 and superconductivity213 properties. These chains are defined by 
the presence of metal-metal bonding across three or more metal atoms and are 
most commonly synthesized through the use of polydentate ligands for control over 
chain length.211 The first EMAC was serendipitously discovered by Hurley and 
Robinson in 1968214 but the structure was not solved until 1991.215 The example 
of this trimetallic [Ni3(dpa)4(Cl)2] (dpa = di-2,2’-pyridylamide) compound has since 
been extended to include the Co3,216 Ru3,217 Rh3,217 and Cr3218 analogs (Scheme 
5.2.a). 
 The EMAC [Co3(dpa)4(Cl)2] had a highly contested structure for many years 
as the Cotton219 and Peng216 groups had both synthesized the complex but with 
different crystalline polymorphs. Cotton had observed a symmetric Co3 core219 
while Peng observed two distinct Co-Co bond lengths216.  It wasn’t until many years 
later that it was understood these two polymorphs exist simultaneously,220 a 
phenomenon that is also observed in the Cr3 analog,221 leading to interesting 





 Since the initial discovery of a trinuclear EMACs by Hurley and Robinson, 
chain lengths have been extended to upwards of eleven metal centers, with many 
useful reviews and book chapters dedicated to the subject.16, 211 Through careful 
synthesis and use of polydentate ligands, EMAC chain length can be controlled. 
Consistently, it has been determined that tetranuclear chains are the most difficult 
to obtain due to difficult ligand synthesis and the formation of isomers.211 While 
uncommon, tetranuclear examples are available such as ferromagnetically 
coupled tetranuclear Fe seen in Scheme 5.2.b.222 Additional commonalities found 
throughout the reported work is the prevalence of charged species, as seen in all 
but one example presented in Scheme 5.2.  
 These first examples of EMACs can be considered additions to the older 
family of 1D metal ion arrays. There have been many examples of platinum 
containing EMACs in the last 40 years with a large variety of electronic and 
magnetic properties. An octanuclear mixed valent platinum blue type EMAC, 
[Pt8(NH3)16(HNCOCH3)8](NO3)10, was reported by Sakai and Matsumoto in 1992 
containing two mono-deprotonated acetamide bridging ligands per {Pt}2 unit 
(Scheme 5.2.c). This complex was found to be diamagnetic via ESR studies.205 In 
2005, a mixed Pt(II)/Pt(III) pentameric chain, 
[Pt(III)Pt(II)4(NH3)4Cl8{HNC(O)(tBu)}4(CH2COCH32], was synthesized by 





synthetic strategy required complexation of a Pt(III) dimer, [Pt2-
(NH3)2Cl2{(HNC(O)(tBu)}2(CH2COCH3)]X (X = NO3-, CH3C6H4SO3-, PF6-, BF4-, 
ClO4-),  with a Pt(II) monomer, K2PtCl4, leading to the neutral pentameric 
Pt(II)/Pt(III) chain with induced polarization of the Pt(III) dimer to a Pt(II)-Pt(IV) 
interaction due to the electron withdrawing equatorial halides, as seen in Scheme 
5.2.d.203 More recently, triphenylphosphine ligands have been used to support 
platinum EMACs. In particular, an oxidized hexanuclear EMAC, [Pt4M2(μ-
dpmp)4(L)2]PF6 (dpmp = bis((diphenylphosphino)methyl)phenylphosphine ; L = 2-
isocyano-1,3-dimethylbenzene) (Scheme 5.2.e.),  was made and the central 
electron deficient M-M (M = Pt or Pd) bond was found to be easily cleaved, forming 
a variety of trinuclear {Pt3} or {Pt2Pd} chains.223 
 Herein reported are three new {PtnZn2} HEMAC complexes. The first is a 
trinuclear Pt(IV) species with unusual {PtS6} ligation, 60. Also described are novel 
tetrameric {Pt2Zn2} (61) and pentameric {Pt3Zn2}(62) neutral HEMACs, each 
capped by a terminal Zn-Cl unit and supported by bridging mercaptopyridine 
ligands.  The two longer HEMACs have [{Pt(RpyS)2}n{Zn(RpyS)Cl}2] composition 
with different numbers, either 1 or 1.5, of {Pt(RpyS)2} units per Zn. The structures 









5.2.1. Materials and Methods 
 
Potassium tetrachloroplatinate (K2PtCl4) was prepared by a series of 
literature procedures as discussed in Chapter 2.65-67 The ligand 4-methyl-
mercaptopyridine (mpySH) (CAS: 18368-65-5) was purchased from Enamine at 
95 % purity and used without further purification. The ligand 2-mercaptopyridine 
(pySH) (CAS: 2637-34-5) was purchased from Sigma Aldrich at 99 % purity and 
used without further purification. Other reagents were obtained commercially and 
used without further purification. Elemental analyses were performed by Atlantic 
Microlab Inc. (Norcross, GA).  
 
5.2.2. X-Ray Crystallography 
 
 X-Ray crystallography data collections, structure determinations, and 
refinements for 60-62 were performed by Prof. Arnold Rheingold at the University 
of California-San Diego. X-ray collection parameters are collected in Table 5.4. 
Suitable crystals were selected and mounted on a Cryoloop with Paratone N oil, 
and data were collected at 100 K on a Bruker Proteum-R with a CCD detector 





structures were solved by direct methods. All non-hydrogen atoms were refined 
anisotropically by full matrix least-squares on F2. 
 
5.2.3. Synthetic Procedures 
 
[PtZn2(mpyS)6(Cl)2].2MeCN (60). Slow evaporation of the orange/red 
filtrate of 62 led to red single crystalline material (7.9 mg, 42%) Anal. Calc’d. for 
PtZn2C40H42N8S6Cl2: C, 39.25; H, 3.46; N, 9.16. Found: C, 39.47; H, 3.22; N, 8.88. 
UV-vis-NIR (CH2Cl2) (λmax, nm (εM, cm-1 M-1)): 283(47,000), 330(22,500).  
[Pt2Zn2(pyS)6(Cl)2] (61). A portion of pySH (27.2 mg, 0.244 mmol) was 
dispersed in ~8 mL of DI H2O. Separately, Zn(NO3)2.6H2O (24.2 mg, 0.081 mmol) 
was dissolved in ~0.2 mL of H2O and added to the above suspension with stirring. 
The reaction was stirred vigorously for approximately 1 h to allow for dissolution of 
mpySH, forming a pale-yellow solution. Separately, K2PtCl4 (33.8 mg, 0.081 mmol) 
and NaHCO3 (24.6 mg, 0.293 mmol) were combined in ~1 mL of H2O, forming a 
pink translucent solution. This mixture was then added to the stirring solution of Zn 
and mpySH, immediately forming a thick bright yellow precipitate. The solution was 
stirred for 3 h and then filtered, discarding the colorless filtrate. The collected solid 
was washed with ~10 mL of H2O (x3) and ~5 mL of hexanes (x2) and dried. The 
solid was dissolved in ~4 mL of MeCN, placed into a teflon container that was 





over 1 h, held for 3 h, and then allowed to cool to RT over 8 h, leading to yellow 
crystals suitable for X-ray analysis (25.4 mg, 50%) that were found to be insoluble 
in: hexanes, toluene, diethylether, CH2Cl2, THF, CHCl3, MeOH, CH3CN, DMF, 
DMSO, and H2O. Anal. Calc’d. for Pt2Zn2C30H24N6S6Cl2: C, 28.76; H, 1.93; N, 6.71. 
Found: C, 29.00; H, 1.81; N, 6.65. 
 [Pt3Zn2(mpyS)8(Cl2)] (62). A portion of mpySH (32.2 mg, 0.257 mmol) was 
dispersed in ~8 mL of DI H2O. Separately, Zn(NO3)2.6H2O (19.1 mg, 0.064 mmol) 
was dissolved in ~0.2 mL of H2O and added to the above suspension with stirring. 
The reaction was stirred vigorously for approximately 1 h to allow for dissolution of 
mpySH, forming a pale-yellow solution. Separately, K2PtCl4 (40.1 mg, 0.096 mmol) 
and NaHCO3 (25.9 mg, 0.309 mmol) were combined in ~1 mL of H2O, forming a 
pink translucent solution. This mixture was then added to the stirring solution of Zn 
and mpySH, forming an immediate thick bright yellow precipitate. The solution was 
stirred for 3 h and then filtered, discarding the colorless filtrate. The collected solid 
was washed with ~10 mL of H2O (x3) and ~5 mL of hexanes (x2) and dried. The 
solid is then dissolved in ~4 mL of MeCN and placed into a teflon container and 
sealed in an autoclave. This was heated in a programmable oven, brought from 
RT to 105oC over 1 h, held at this temperature for 3 h, and then allowed to cool 
slowly back to RT over 8 h, leading to yellow crystals suitable for X-ray analysis 





CH2Cl2, THF, CHCl3, MeOH, CH3CN, DMF, DMSO, and H2O. Anal. Calc’d. for 
Pt3Zn2C48H48N8S8Cl2: C, 32.38; H, 2.72; N, 6.29. Found: C, 32.84; H, 2.62; N, 6.53. 
 




Because all of the Ni(II) complexes with mpyS and pyS are paramagnetic, 
as detailed in Chapter 4, a diamagnetic analog was sought that would allow 
complementary methods of analysis, particularly NMR spectroscopy.  The 
carboxylate lantern complexes, [PtM(SOCR)4(L)], have accommodated both Ni 
and Zn in a pseudooctahedral site, and therefore it was hoped that the S^N donor 
ligands would as well.  A variety of attempts were made toward [PtZn(RpyS)4(L)] 
compounds, but none were successful.  Instead, a trio of new {PtnZn2}, n = 1, 2, 3, 
compounds were prepared, as summarized in Scheme 5.3.   
Compound 60 was synthesized via two different methods, as depicted in 
Scheme 5.3. The initial discovery of 60 was through a modification of the optimized 
synthesis of 56-58 reported in Chapter 4, in an attempt to make a diamagnetic 
[PtZn(mpyS)4(L)] compound. When ZnCl2 was used in place of the Ni(II) salt with 
excess pyCN as the desired axial ligand, a bright yellow precipitate that formed in 





are obtained through slow evaporation. X-ray diffraction studies show a Pt(IV) 
center with an unusual {PtS6} environment in the centrosymmetric trimetallic 
complex 60. An improved synthesis was performed in which pyCN was no longer 
added and 60 was again formed. It is hypothesized that the chlorinated solvent 
acts as an oxidant as well as the chloride source, favoring the formation of the 
Pt(IV) species over the anticipated lantern complex. In the synthesis of 62, 
[Pt3Zn2(mpyS)8(Cl2)], 60 is a byproduct crystallized from the MeCN filtrate after 
prolonged heating in air, allowing for Pt(II) oxidation to Pt(IV) to occur. In this 
reaction, the only chloride source is K2PtCl4, which remains despite multiple H2O 
washes of the initial precipitate as evidenced by the presence of Cl- in the final 
structure of 60.  
Elevated temperatures are commonly used in the synthesis of symmetric 
trimetallic {MAMBMA} HEMACs through a self-assembly method, as described by 
Chipman and Berry.16 While 60 is not formally considered a HEMAC due to its lack 
of metal-metal bonding, the synthetic conditions are very similar to those of 
symmetric HEMACs in the literature. Most symmetric trimetallic HEMACs require 
the use of MACl2 and K2MBCl4 salts224 while the asymmetric {MAMAMB} analogs 
instead commonly use acetate salts of the form [(MA)2(OAc)4] or [(MA)2(OAc)4]Cl, 
and chloride salts for MB, indicating successful synthetic strategies that have been 





When ZnCl2 is replaced with Zn(NO3)2 in the initial aqueous synthesis 
described for 60, a bright yellow precipitate was similarly formed and collected. In 
an attempt to synthesize the MeCN adduct, [PtZn(mpyS)4(MeCN)], the precipitate 
was dissolved in MeCN and placed in a programmable oven where it was heated 
to 105 oC and then allowed to cool over 8 h. Once cooled, small yellow cube 
shaped crystals are collected and found to be the {Pt3Zn2} HEMAC of 62. When 
the resultant red filtrate is evaporated slowly, crystals of 60 form in this alternative 
synthetic path.  
 





In an attempt to form the para-hydro analog of the {Pt3Zn2} HEMAC, the 
same synthetic method for 62 was employed, replacing mpySH with pySH. A 
similarly colored bright yellow precipitate was collected in the initial step, and 
clusters of yellow needles were formed in the heating (108 oC) and cooling 
process. Surprisingly, X-ray diffraction studies of these crystals revealed a new 
{Pt2Zn2} HEMAC, 61.  
 
5.3.2. Molecular Structure 
 
 X-ray diffraction studies were critical in revealing the structures of this new 
triad of {PtnZn2} complexes that would otherwise have been difficult to determine. 
Compound 60 contains a rare {PtS6}-ligated octahedral Pt(IV) center, as seen in 
Figure 5.1. To date, there are only a handful of examples of structurally-
characterized {Pt(IV)S6} ligated complexes,227-229 most common being the 
[Pt(IV)(SCN)6]2- anion.230-236 In previous reports, the [Pt(SCN)6]2- anion has proven 
useful as a bridge between 3d metal centers in the formation of a trinuclear {PtMn2} 
complex231 and a related polymeric {PtMn}n analog.231 Magnetic characterization 
of these species indicated ferromagnetic coupling in the polymeric form and 
antiferromagnetic coupling in the trinuclear complex, suggesting the usefulness of 





examples of six S-donors surrounding Pt(IV) and bridging other metal centers 
found in the literature. 
 
When considering interatomic metrics, 60 is unexceptional. The average Pt-
S bond lengths of 2.378(2) Å in 60 are within the known range for Pt(IV)-S bonds 
as are the average octahedral S-Pt-S bond angles of 180(0)o and 90(8)o. The Zn-
 
Figure 5.1. ORTEP of [PtZn2(mpyS)6(Cl)2] (60). Ellipsoids shown at the 50% 





N (2.03(2) Å) and Zn-Cl (2.293(3) Å) bond averages of the pseudo tetrahedral Zn 
centers (τ4 = 0.87) are within the expected ranges as well. To date, the central 
metal of {MAMBMA} symmetric HEMACs has been limited to the group 10 metals 
while MA has included 3d metals such as Mn, Fe, Co, and Cu.225, 237-238 The 
majority of trimetallic HEMACs are terminated by Cl-, which can readily be replaced 
by SCN- through ligand substitution.239-240 The capping 3d metal can also be 
exchanged through the addition of excess MCCl2.16 Despite the large variety of 
trimetallic structures, 60 is the first known example with a {ZnPtZn} core.  
 
Figure 5.2. ORTEP of [Pt2Zn2(pyS)6(Cl)2 (61). Ellipsoids shown at the 50% 





 Tetrameric 61 and pentameric 62, Figures 5.2. and 5.3. respectively, both 
contain very rare compositions and structures. The most common (H)EMACs are 
either composed of ions that self-associate in the solid state, as depicted in 
Scheme 5.1. and 5.2. in the introduction to this chapter, or species that form with 
multidentate bridging ligands to control chain length, such as the polypyridyl amide 
and napthlpyridine ligands discussed in the introduction of this work.211, 224, 226, 241 
 
Figure 5.3. ORTEP of [Pt3Zn2(mpyS)8(Cl)2] (62). Ellipsoids shown at the 50% 





Both 61 and 62 are neutral compounds, which is rare when compared to the large 
body of known Pt-containing EMACs.203, 242 
As previously discussed, tetrameric EMACs are particularly rare due to the 
challenges of ligand design and the prevalence of isomers in these systems.211 
Tetrameric Pt-containing EMACs in particular are uncommon, with only 29 
structurally-characterized examples reported to date, most of which are 
homonuclear {Pt4} species,201, 205, 243-246 with only two heterometallic Pt-Pd247 and 
Pt-Mn248 examples reported. The majority of these tetrameric {Pt4} complexes are 
square clusters studied for their facile ligand exchange,249-253 catalysis,254-255 and 
assembly into supramolecular structures.256-257 While pentanuclear EMACs are 
abundant with both homo- and heteronuclear examples,16, 211  Pt-containing 
species are rare, with only eight structurally characterized examples reported to 
date, all of which are mixed-valent Pt(II)/Pt(III) species studied for their electron 
delocalization.203, 242, 258  
There are six known chloride-terminated tetranuclear EMACs, all 
homometallic {M4} (M = Fe,222 Ni,259 Au260-261), and including two versions of {Au4} 
with different counter anions. Pentanuclear chloride-terminated chains are much 
more abundant, with 21 known homometallic examples, but with a wider variety of 
metals (M = Co,262-263 Ni,9, 264-267 Ru,268 Os,269 Pt,203, 242 Au270).  
Unlike the tetrametallic complexes, there are two heterometallic 





Pt(III) dimers sandwiches a [PdCl4]2- anion, each with a different solvent molecule 
co-crystallized.271  
In both tetranuclear 61 and pentanuclear 62, having a chain terminated by 
a different metal chloride is a unique structural feature. To date, there are no other 
examples of tetrameric, pentameric, or longer HEMACs such as 61 and 62 in which 
the outer metals are distinct from the central homo- and multimetallic core (i.e. {Cl-
MA-(MB)n-MA-Cl} where n = 2 or 3), with or without a terminal halide.  


















{PtIVZn2} 2.38(2) N/A 3.78(1) N/A 2.03(2) 2.29(3) 177.5(4) N/A 
{Pt2Zn2} 2.32(2) 2.10(1) 2.52(2) 2.89(2) 2.02(1) 2.22(5) 124.2(1) 167.46(5) 
{Pt3Zn2} 2.32(2) 2.10(1) 2.51(1) 2.97(6) 2.10(2) 2.22(4) 126.7(8) 163.1(1.7) 
 
From Cotton’s FSR (formal shortness ratio),8 a direct comparison of the 




d is the M-M distance and R is the metal radii as determined by Pauling272), as 
seen in Table 5.2. FSR is a normalization procedure of M-M bonds, describing 





elements. Covalent bonding is indicated when FSR ≤1.22, single bonds when FSR 
~ 1.01, and double bonds ~0.92.47 
Comparing the Pt-Zn distances in these complexes, symmetric 60 has the 
longest at 3.783(1) Å, versus the sum of the Van der Waals radii of (3.14 Å)190, 
confirming no bonding between the Pt(IV) and Zn. This lack of interaction is further 
confirmed by the calculated FSR value of 1.46, which is well outside the range of 
covalent bonding (≤ 1.22).16 In both 61 and 62, the Pt(II)-Zn distances are much 
shorter, with FSR values of 0.991 and 0.990 respectively, both of which are within 
the single bond range of 1.02-0.92. The Pt-Pt distance of 61 (2.893(2) Å) is shorter 
than the average Pt-Pt distance in 62 (2.97(6) Å), which is also seen in the related 
Pt-Pt FSR values, with a shorter value of 1.12 for 61 than 62 (1.17 and 1.14), 
indicating better Pt-Pt overlap. However, in both HEMACs, the Pt(II)-Pt(II) FSR 
values are within the covalent bonding range of the metallic radii as opposed to 
that indicating a formal single bond. 
Table 5.2. Calculated FSR data for Pt-Zn and Pt-Pt bonds in 60-62. 
FSR Pt-Zn(1) Pt-Zn(2) Pt-Pt(1) Pt-Pt(2) 
{PtIVZn2} 1.46 N/A N/A N/A 
{Pt2Zn2} 0.991 N/A 1.12 N/A 





To quantify the geometry of each metal center in 60-62, the τ4 values have 
been calculated.198 In each structure, the capping Zn(II) centers are all pseudo-
tetrahedral, with τ4 values of 0.87 (60), 0.84 (61), and 0.82 (62). When assigning 
the coordination of Pt(II) of 61 and 62, three different geometries can be 
considered: square planar, square pyramidal, and octahedral. It is common for 4d8 
and 5d8 metal centers to adopt a square planar geometry, however, the FSR data 
for 61 and 62 indicate additional bonding between the Pt(II) and Zn(II) as 
previously discussed. Additionally, the Pt(II)-Pt(II) distances are within 
metallophilic range, as previously determined in Chapter 2,163, which indicates 
octahedral geometry for each Pt in 61 and 62.  
 Compositionally and in terms of metal geometries, the structures of 61 and 
62 are very similar. Crystallographically, 61 is two-fold symmetric, such that there 
is only one unique Pt and Zn, while 62 is asymmetric, with three distinct Pt centers 
and two Zn centers. Due to the symmetry of 61, the terminal chlorides are cis to 
one another while they are trans in 62. The torsion angles of the mpyS vs pyS 
ligands have been compared in Table 5.3 in an effort to discern any other 
differences between the para-H and para-methyl systems. The average torsion of 
the three ligands about the Pt-Zn vector in the trimetallic Pt(IV) system is higher 
than that of either chain with a range of 43.9-49.5. In 61 and 62, there are only two 
ligands bridging the Pt and Zn, each with a distinct torsion. Complex 61 has one 





Pt-Zn axis in pentameric 62 contains one ligand with a larger torsion and one ligand 
with a small torsion angle. There are two pyS ligands bridging the Pt ions in 
symmetric 61, each of which has the same torsion value of 42.4. Similarly, there 
are two mpyS ligands bridging each Pt in 62, however, the central Pt has a 
coordination of {PtS2N2}. The torsions in this system range from 39-46.6.  
 































46.6(1) 49.5(1) 43.9(1) N/A N/A N/A N/A N/A 
61, 
{Pt2Zn2} 
35.3(4) 5.8(4) N/A N/A 42.4(3) N/A N/A N/A 
62, 
{Pt3Zn2} 






 From these metrical parameters, there is no clear structural reason for the 
differing chain lengths of 61 and 62. The ligands with para-H and para-methyl 
substituents are both able to accommodate a wide range of ligand torsion angles 
and different chain lengths as seen in the extreme torsions about the tetrahedral 
Zn(II) centers in each structure. They also have very similar torsion angle ranges 
in the chelate rings containing Pt-Pt bonds, and all other bond lengths and angles 
are comparable between the systems. These data suggest a very subtle energy 
difference between the two supported chains, causing seemingly insignificant 




 In summary, three new {PtnZn2} complexes have been synthesized and 
structurally characterized: trimetallic 60, tetrameric 61, and pentameric 62. 
Complex 60 contains a rare example of an octahedral Pt(IV) ion with {S6} ligation. 
Rare neutral tetra- and pentanuclear HEMACs, 61 and 62, were discovered to form 
through a self-assembly method. These constitute the first examples of HEMACs 
in which the central metal atom chain, either dinuclear {Pt2} or trinuclear {Pt3} in 61 
and 62, has a different metal than the terminal metal chloride. 
Of interest is the role the bridging ligand plays in the observed chain length. 





the pentameric structure, and simply has one more {Pt(RpyS)2} unit included. 
Structural analysis shows very little difference between the two chains. An initial 
hypothesis was that the para-methyl substituted ligand would be able to better 
stabilize a longer chain due to the electron donating effect of the methyl 
substitution, as evidenced by the stabilization of Pt(IV) in 60. However, it is difficult 
to ascertain the strength of this effect as the substitution is quite far away from the 
metal centers. To test this theory, additional types of ligand substitution could be 
used and the resultant structure and nuclearity compared to 61 and 62. 
 As previously mentioned, both 61 and 62 are highly insoluble once formed. 
This complication has rendered further studies very difficult as it would be ideal to 
attempt chemical oxidations of these two systems to explore mixed oxidation state 
chains. Mixed-valent chains have been well studied in the literature and are 
attractive due to their potential delocalization of electrons along the length of the 
chain and possible magnetic coupling and electronic conductivity properties. 273-277 
In order to access more soluble analogs, using different substitutions of the para-






Table 5.4. Summary of crystal data collection and refinement parameters of 60 – 
62.   
Compound 60 61 62 
Formula C40H42Cl2N8PtS6Zn2 C30H24Cl2N6Pt2S6Zn2 C48H48Cl2N8Pt3S8Zn2 
Formula Weight 1223.9 1252.73 1780.33 
Crystal System Monoclinic Orthorhombic Orthorhombic 
Space Group P21/c Fdd2 Pcba 
a, Å 10.5444(11) 52.592(15) 20.2046(2) 
b, Å 12.2505(14) 15.601(5) 19.2351(2) 
c, Å 17.996(3) 9.116(3) 28.5550(3) 
α, o 90 90 90 
β, o 90.222(8) 90 90 
γ, o 90 90 90 
V, Å3 2324.6(5) 7479 11097.5(2) 
Z 2 8 8 
ρ (calc), g cm-3 1.749 2.225 2.131 
μ, mm-1 10.607 9.236 18.797 
Temp, K 100 100 100 
R(F), % 6.4 5.03 3.62 
R(ωF2), % 20.18 11.45 8.11 




𝟐)𝟐]}𝟏/𝟐 ; 𝝎 = 𝟏/
[𝝈𝟐(𝑭𝒐
𝟐) + (𝒂𝑷)𝟐 + 𝒃𝑷] with a and b given in CIF, 𝑷 = [𝟐𝑭𝒄
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